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INTRODUCTION
The work described in th is  thesis  i s  a study o f exercise  
and ageing in human beings* •’Exerc ise "  i s  used here in i t s  
broadest sense, in  that o ve ra l l  physical a c t iv i t y  fo r  periods  
o f one week is  the topic o f  the experimental invest iga t ion , rather  
than s p e c i f i c a l ly  defined muscular operations o f r e la t iv e ly  short 
duration* This o v e ra l l  physical a c t iv i ty  i s  studied from the 
point o f view o f the determination o f the to ta l  expenditure o f  
energy required fo r  i t s  performance*
The subjects who took part  in the invest igat ion  were a l l  
women; ranging from ear ly  adulthood to ear ly  senescence* Women 
form an obviously important, and yet often p h y s io lo g ic a l ly  neglected ,  
part o f  the community* In our modern society  much in te re s t  is  
focussed upon the e ld e r ly  members o f  the population. They represent  
an economically important frac t ion  of the to ta l  population, and every 
advance in preventive and curative  medicine brings with i t  a p o s s ib i l i t y  
of a r e la t iv e  and absolute increase in the numbers o f  e ld e r ly  people.
The in te re s t  in the problems o f  ageing i s  r e f le c ted  in the ever­
growing bulk o f l i t e r a tu r e  on g e r ia t r ic s  and gerontology. The m ajority  
of th is  l i t e r a tu re  deals with the c l in ic a l  and soc io lo g ica l  aspects of  
the problems; there have been r e la t iv e ly  few studies made o f the 
changes which occur in the normal, as d is t in c t  from the patho log ica l
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human body as i t  grows o ld . Another problem, although perhaps 
one o f g loba l rather than o f  national importance, i s  that of  
food supp lies . Before the extent o f  th is problem can be f u l l y  
appreciated i t  i s  necessary to know the food requirements o f  the 
various groups o f the to ta l population. The f i r s t  stage in  
formulating the food requirements of any p a rt icu la r  group is  an 
estimate o f the energy requirement o f  that group. Thus work o f  
the type described in th is  thesis  is  o f  re a l  importance from the 
p h ys io log ica l ,  economic and soc ia l standpoints.
The work described in th is  thesis  f a l l s  into two major 
sections. The f i r s t  section i s  a description  of the development 
and technique o f ind irect  calorim etry as app lied  to studies o f  the 
expenditure o f  energy by human beings, e sp ec ia l ly  in f i e l d  stud ies .
The second section o f  the thesis  i s  devoted to a b r ie f  review of  
the l i t e r a tu re  on the energy requirements o f  women and to the 
presentation and discussion o f the re su lts  o f some experimental 
studies on the energy expenditure and food intake o f  women o f  d i f fe re n t  
ages.
A considerable proportion o f  the f i r s t  section o f  the thesis  
i s  devoted to o r ig in a l  and unaided work o f  the w r ite r  ( e . g .  the 
ca lib ra t ion  and maintenance o f ,  and the modifications to , the Max- 
Planck respirom eter; the measurement o f res istance  to a i r  flow of  
various components of re sp ira to ry  equipment). On the other hand
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some of the m aterial in the f i r s t  section i s  not claimed to be 
o r ig in a l  work: such m aterial is  given when i t  has not appeared
in f u l l  in the l i t e r a tu r e ,  or when i t  has not been co llected  
together in one p lace ( e . g .  a complete description  o f the Max- 
Planck respirometer has never been published, only a b r ie f  
account appeared in the o r ig in a l  German paper ).
The experimental work described in the second section o f  
the thesis  i s ,  o f  course, e n t ire ly  o r ig in a l ,  although i t  cannot 
be claimed as the outcome o f  unassisted e f fo r t *  Experiments of  
th is  type requ ire  a r e la t iv e ly  la rge  number o f  s c ie n t i f i c  and 
technical s t a f f  to obtain re su lt s  on what frequently  appears to 
be a d isconcerting ly  small number o f sub jec ts .  In ev itab ly  studies  
o f  this nature are the re su lt  o f the co-operation o f several members 
of a research team. Our re su lts  in fa c t  r e fe r  to 34 x 7 = 238 
"woman-days11 studied in a l l ,  although only 32 x 7 = 224 Mworaan-daysM 
information was obtained on energy expenditure as two of the sub jects  
could only be studied from the point o f  view of food intake.
PART I
THE TECHNIQUE OF INDIRECT CALORIMETRY.
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PART I .  THE TECHNIQUE OF INDIRECT CALORIMETRY.
I .  THE DEVELOPMENT OF CALORIMETRY.
Introduction; d ire c t  and in d irec t  ca lorim etry.
The metabolic rate  o f  an organism, i . e .  the ra te  a t  
which i t  i s  using energy i s  measured in terms o f heat output 
per un it  time. In the case o f human beings the conventional 
form o f expression o f  metabolic rate  i s  f,k ilog ram -ca lo r ie s  per 
hour*1 or more sens ib ly , ”per minute” . This i s  an expression  
o f gross metabolic r a te ;  fo r  comparative purposes i t  i s  usual to 
quote metabolic ra te  per un it  o f body s iz e ,  e .g .  ,fk ilog ram -ca lo r ie s  
per square metre per hour” or ”k ilogram -ca lo r ies  per kilogram per 
minute” . The k ilo g ram -ca lo r ie  (k i l o - c a lo r i e ,  la rge  c a lo r ie ,  Kcal. 
or C a l . , )  i s  a physical un it  fo r  the measurement o f  amount o f heat;  
i t  is  equivalent to 1000 gram -ca lories  (o r  c a lo r ie ,  c a l . )  The 
ca lo r ie  is  u su a lly  defined as ”the amount o f  heat required  to ra is e  
the temperature o f  1 gram water from 14.5°C to 15.5°C.
There are two d is t in c t  general types o f method o f measuring 
the metabolic rate  o f  an organism; d irec t  or in d ire c t .  The former 
implies the measurement o f  heat output d ire c t ly ,  i . e .  in physical 
terms by physical means (although the technique may be so laborious
and involved as to appear anything but d i r e c t . )  The instruments
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required for d ire c t  calorim etry, p a r t ic u la r ly  fo r  an organism of  
the weight o f a human being, are o f necess ity  la rge ,  complicated 
and expensive, e sp ec ia l ly  in terms o f the cap ita l outlay . D irect  
calorimeters range from the c la s s ic a l  models, fo r  example that of 
Atwater & Rosa (1897, 1899); ( th is  was in fa c t  a combined d irec t  
and in d irec t  ca lo rim eter) to the more recent "gradient la y e r "  
instruments, an example o f  which was described by Benzinger & 
K itz inger  (1949).
Ind irect  calorimetry measures heat production by the 
app lication  o f chemical ana lys is  to the substances consumed and 
eliminated by the body, e .g .  metabolic ra te  can be estimated from 
the resp ira to ry  exchange o f  the organism. Hie in d irec t  calorimeter  
has appeared in a var ie ty  o f  forms, including the la rge  gas meter 
o f Geppert & Zuntz (1888), the instruments o f Atwater & Rosa (1897, 
1899) mentioned above, those described by T igerstedt (1911) and the 
modern resp ira t ion  chambers la rge  enough to contain a cow, described  
by Wainman & B laxter (1958). In d irec t  calorimeters may operate on 
either open or closed c i r c u it  p r in c ip le s .  In the la t t e r  the a i r  
expired by the sub ject or animal passes through an absorber which 
removes carbon dioxide before being rebreathed. Oxygen may be added 
to maintain a constant volume o f  gas in the system, or the reduction  
o f gas volume may simply be noted. A simple example o f th is  type o f
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apparatus is  the Benedict-Roth spirometer (Roth 1922)* In open
c irc u it  in d irec t  calorimetry i t  i s  necessary to ascerta in  the
composition o f the in sp ired  gases and the composition and volume of  
those expired.
In the experiments described in th is  thesis  the expenditure  
of energy o f the sub ject has been measured by in d irec t  ca lorim etry,  
using an open c i r c u it  method. The re su lts  have been ca lcu la ted  using  
the equations derived by Weir (1949).
Hie b irth  of calorim etry.
The e a r l ie s t  attempts to measure the amount o f heat produced 
by an animal were made by Crawford (1779) working in Glasgow with  
a water calorim eter, and by L avo is ie r  & de la  P lace (1780) in P a r is ,  
with an ice  ca lorim eter. The two experiments were remarkably s im ila r :  
in each case the animal studied was a guinea p ig , estimates were made
of the amount o f carbon dioxide produced by the animal, the ca lo r ­
imeters were " c a l ib ra te d ” by burning wax or carbon in them and 
ca lcu lations were made o f the amount of heat l ib e ra ted  in the combustion 
of s u f f ic ie n t  organic material to produce the same amount o f  carbon 
dioxide as that eliminated by the guinea p ig s .  Both Crawford and 
L avo is ie r  & de la  P lace concluded that the processes o f  re sp ira t ion  
and combustion were e s s e n t ia l ly  s im ila r ,  although the deductions o f  
the la t t e r  authors appear more acceptable in that they explained  
the ir  f ind ings in terms o f  the oxidation o f carbon, whereas Crawford 
attempted to explain re sp ira t ion  in the l ig h t  o f  the "ph log iston"
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concept* L avo is ie r  & Seguin (1789) carried  out an experimental 
study of re sp ira t ion  in which they attempted to measure carbon 
dioxide production and oxygen consumption in man. These authors  
studied the resp ira to ry  exchange during work and a t  r e s t ,  both 
with and without the in fluence o f a previously  ingested meal,
Dulong (1823) and Despretz (1824) made further contributions to 
the study o f calorimetry and re sp ira t ion . Working independently  
these authors used water calorimeters to estimate the heat production  
of small mammals. Despretz concluded that about eighty per cent, 
of the heat production of the animal was due to the combustion o f  
carbon and hydrogen in the body, while the comparable f ig u re  o f  
Dulong was a l i t t l e  lower (Lusk (1928) pointed out that i f  Despretz 
had used a more accurate f igu re  fo r  the c a lo r i f i c  value o f hydrogen 
the heat production which he calculated as being due to combustion 
would have been c loser  to that observed as being due to the an im a l.)  
Despretz suggested that the d iffe rence  between the observed and 
calcu lated  values fo r  heat production was due to secondary physical  
causes ( e . g .  in terna l f r i c t io n  o f the body.) While th is  suggestion  
is  unacceptable i t  is  o f considerable in te re s t  that i t  shows that  
Despretz was groping towards the concept o f  the conservation o f energy. 
The f i r s t  formal enunciation of the p r in c ip le  o f  conservation o f energy 
was due to Layer in 1842, and i t s  a p p l ic a b i l i t y  to animals was 
confirmed experimentally by Rubner (1894).
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The c la s s ic a l  period*
Le ib ig  (1846) showed that the m ateria ls  undergoing 
combustion in the body were p rote in , fa t  and carbohydrate, and 
not carbon and hydrogen as had p rev iously  been assumed* The 
work of Voit (1866) estab lished  the concept o f  nitrogen equi­
librium , and demonstrated that the quantity o f nitrogen elim inated  
from the body in the faeces and urine could be used as a measure 
of the extent of the metabolism of p rote in . In the same year
Pettenkofer & Voit (1866) published d e ta i ls  o f a study o f the 
metabolism o f a fa s t in g  man. During the experimental period these 
authors measured the water consumption o f the sub ject, the change 
in h is  body weight, and the amount o f  faeces, urine and carbon 
dioxide elim inated. The oxygen consumption o f the man was ca lcu lated  
from h is  change o f weight (a f t e r  correcting th is  for  the water 
consumed and the substances e lim inated ), and the protein  metabolism 
estimated from the nitrogen excretion . The weight o f  carbon which 
was o r ig in a l ly  combined in the metabolised protein  (the "protein  
carbon") was subtracted from the to ta l  carbon production o f  the sub ject .  
The remaining carbon production was then assumed to be due to the 
breakdown of body fa t  (the amount o f  carbohydrate, i . e .  glycogen, 
ava i la b le  fo r  metabolism was taken to be n e g l ig ib le  under the 
experimental con d it ion s ).  From th e ir  experiment Pettenkofer & Voit  
deduced that the carbon d ioxide production (and hence the re sp ira to ry  
quotien t) was dependent on the material undergoing metabolism.
-  9 -
Voit ( l 9 0 l )  summarised the subsequent developments o f th is  
technique fo r  the study o f metabolism. The to ta l  amount o f  
carbon eliminated from the body could be part it ioned  in the 
fo llow ing  way. A fte r  subtraction o f the protein  carbon from 
the to ta l  carbon, that which remained was due to the metabolism  
of carbohydrate and f a t .  Carbohydrate is  f u l l y  metabolised  
regard less  o f how much is  ingested , so that, i f  the amount o f  
carbon consumed in the form o f carbohydrate is  known th is  can be 
subtracted from the carbon due to carbohydrate and f a t  to f ind  the 
amount o f  carbon produced in the metabolism of f a t ,
Rubner (1895) published re su lt s  o f h is  determinations o f  
the c a lo r i f i c  values of p ro te in , f a t  and carbohydrate and o f  the 
urinary  constituents. The la t t e r  he subtracted from the value  
fo r  protein in order to g ive  the ‘’phys io log ica l fu e l va lu e” o f  
protein to the body. ( i , e .  Rubner r e a l is ed  that while the energy 
of f a t  and carbohydrate was f u l l y  av a i la b le  to the body, some of  
the energy o f protein was not as i t  was lo s t  in the nitrogenous  
compounds excreted in the u r in e ) .  For mixed d iets  Rubner suggested
that the physio log ica l fu e l va luec f both protein and carbohydrates  
was 4.1 k i lo c a lo r ie s  per gram, and that o f f a t  was 9.3 k i lo c a lo r ie s  
per gram. The scope and prec is ion  o f studies o f th is  type were 
extended by Atwater and h is  a ssoc ia te s .  The phys io log ica l fu e l  
value o f  the proximate constituents of a mixed d ie t  proposed by
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Atwater & Bryant (1900) were 4,0 k i lo c a lo r ie s  per gram fo r  protein  
and carbohydrate and 8.9 k i lo c a lo r ie s  per gram fo r  f a t .  The 
f igu re s  given by Rubner on one hand and Atwater & Bryant on the 
other are not s t r i c t l y  comparable: Rubner did not include an
allowance fo r  faeca l energy lo sses  in h is  factors  (although he did 
quote f igu re s  fo r  such lo s s e s )  whereas Atwater and Bryant included  
an allowance in the ir  fa c to rs *  One other point of d if fe rence  
between these two standards fo r  the physio log ica l fu e l values o f  
foodstu ffs  was pointed out by T igerstedt (1909): Rubner dea lt  with
a c a lo r ie  defined at a temperature of 0°C to 1°C, whereas Atwater*s  
ca lo r ie  was defined at  20°C to 21°C. The work of Atwater and h is  
colleagues in re la t io n  to the energy value of foodstu ffs  has recently  
been reviewed by M e r r i l l  and Watt (1955).
The c a lo r i f i c  value o f oxygen.
Zuntz (1897) and Zuntz & Schunburg (1901) made further  
contributions to the theory o f  in d irec t  calorim etry. The workers 
reported on the re sp ira to ry  quotients which resu lted  from the separate  
metabolism o f p rote in , f a t  and carbohydrate, and on the number o f  
ca lo r ie s  which arose therefrom fo r  each l i t r e  o f  oxygen consumed.
They a lso  published tab les  showing the c a lo r ie  value of each l i t r e  
o f oxygen consumed at  d i f fe r e n t  resp ira to ry  quotients when mixtures of  
f a t  and carbohydrate are being metabolised. Other workers fo l low ing  
th is  p a r t ic u la r  line  o f invest iga t ion  have been Loewy (whose work was
-  11 -
c ited  and rev ised  by Lusk (1928), with p a rt icu la r  re ference to 
protein  metabolism, and Cathcart & Cuthbertson (1931) with  
p a r t icu la r  re ference to f a t  metabolism.
Protein  correction .
Magnus-Levy (1901) suggested that a f ixed  adjustment be made 
to Zuntzf s values fo r  the c a lo r i f i c  value o f oxygen consumed, on the
basis  that 15JS o f  the to ta l  meat production o f man was due to the
metabolism o f  p ro te in . This concept was extended, and the re levant  
ca lcu lations o f  metabolic rate  s im p lif ied  by Weir (1949). Weir showed 
that the in fluence  o f the re sp ira to ry  quotient was so small as to be 
n e g l ig ib le  in the f in a l  ca lcu la t ion  o f metabolic ra te ,  and that i f  i t  
was assumed that 12£jfc o f  the to ta l heat production was due to the
metabolism o f  protein  the c a lo r i f i c  value o f each l i t r e  o f  expired a i r
was one-twentieth o f the d if fe rence  between the percentage oxygen 
concentrations o f the in sp ired  and expired a i r  (the "oxygen e x t ra c t io n " ) .  
These f ind ings  allowed a s im p li f ic a t ion  in the technique o f  in d irec t  
calorim etry. A l l  that i s  necessary i s  to measure the volume o f a i r  
expired by the sub ject in a known time and to c o l le c t  a sample o f  th is  
expired a i r  fo r  ana ly s is  fo r  oxygen concentration.
The id e n t i f ic a t io n  of d irec t  and in d irec t  calorim etry.
The f in a l  c r ite r ion  which must be s a t i s f ie d  before ind irect  
calorimetry can be accepted as an experimental technique is  that the 
metabolic rate  in d ire c t ly  determined i s  id en t ica l with that measured
by d ire c t  ca lo r im etry . ( i t  i s ,  o f course, essentia l that the d ire c t
calorimeter i s  techn ica lly  sa t is fa c to ry  i f  th is  c r ite r io n  is  to 
be v a l i d ) .  The comparison between the d irec t  and in d irec t  
techniques has been made with favourable  re su lt s ,  on numerous 
occasions! with human beings by Atwater and h is  assoc iates  
(Atwater & Rosa 1897, 1899; Atwater & Benedict, 1899, 1902 a,
1902 b ) ,  with dogs by Lusk (1915) and Ivhirlin & Lusk (1915) and again  
with human beings by Du Bois and his colleagues (Coleman & Du Bois, 1914 
Soderstrom, Meyer & Du Bois 1916; Du Bois 1916 a, 1916 b; Meyer &
Du Bois, 1916; Peabody, Meyer & Du Bois, 1916; and A llen  & Du Bois,
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2 . THE MAX-PLANCK RESPIROMETER.
Introduction .
The simplest form o f apparatus which can be used fo r  in d ire c t  
calorimetry i s  that required  fo r  the c la s s ic a l  Douglas bag technique 
(1911). The apparatus consists o f a mouthpiece and nosec lip ,  
in sp ira to ry  and expiratory va lves , connecting tubing and the bag 
i t s e l f .  This apparatus can be carried  on the su b je c t ’ s back, 
a llow ing  determinations o f  metabolic rate  to be carried  out during  
exerc ise . The a i r  expired by the subject in measured time is
co llected  in the bag. At the end o f  the period o f c o l le c t io n ,  a 
sample o f  the contents o f the bag i s  withdrawn fo r  ana lys is  and the 
volume o f  expired a i r  in the bag i s  measured by expe lling  i t  through 
a gas meter (u su a l ly  o f the lfwet—flo w ” ty p e . )  The disadvantages of 
th is  technique l i e  in the bulk o f  a f i l l e d  Douglas bag (which reduces 
i t s  p o r t a b i l i t y  by the su b jec t )  and the r e la t iv e ly  small capacity of 
the bag, which l im its  the time over which expired a i r  can be co l lec ted .
Hie most obvious way o f overcoming these disadvantages i s  to 
replace the bag by the gas meter (that  i s ,  to measure the volume o f  
a i r  expired continuously) and to introduce some device which can 
extract a proportionate sample of the expired a i r  passing through the 
gas meter. The wet flow meter i s  qu ite  unsuitable  i f  the apparatus 
has to be carried  by the sub ject during exerc ise , so i t  i s  necessary
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to use a "d ry -f low "  or bellows type of gas meter* F i r s t  attempts 
to do th is  were made by Geppert & Zuntz (1888) and la t e r  by 
Simonson (1929) but these met with l i t t l e  success* The f i r s t  
successfu l instrument was that o f  Kofranyi & M ichaelis (1940) o f  
the Max-Planck In s t itu t  fur A rbe itsphysio log ie  in Dortmund* Indeed, 
the respirometer i s  frequently  re fe rred  to as the Kofranyi-M ichae lis  
respirometer, o r , more b r i e f l y ,  as the In i t s  e a r ly  form the
instrument consisted o f a small, l igh t -w e igh t  gas-meter, with a p is ton -  
pump sampling mechanism which was driven from the bellows o f the gas 
meter* Thus, the device measured the to ta l  volume of expired a i r  
passing through i t ,  and withdrew a small a liqu o t  sample of th is  a i r *
This sample was co llected  in a rubber ( f o o t b a l l )  bladder fo r  subsequent 
an a ly s is .  The respirometer was f i t t e d  with shoulder straps so that i t  
could be e a s i ly  carr ied  on the experimental su b je c t f s back, in the manner 
o f a ruc -sac* Later models o f the meter were f i t t e d  with a modified
sample pump. This modified version consisted o f two separate membrane
pumps•
Muller & Franz (1952), a lso  o f  the Max-Planck In s t i tu t ,  described  
further m odifications to the respirometer, and i t  i s  in th is  form that  
i t  is  in current production.* The instrument, in i t s  present form,
* The Max-Planck Respirometer i s  manufactured commercially by 
Zentra lwerkstatt, Gottingen, Germany.
F ig . 1 The Liax Planck Respirometer.
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is  sometimes re fe rred  to as the "Lluller-Franz respirometer ” , 
p a r t ic u la r ly  in  l i t e ra tu re  published in the United States . I t  
has a lso been described as a calorimeter, but th is  i t  most c e r t a in ly  
i s  not. The shape o f the present version d i f f e r s  somewhat from  
that o f the o r ig in a l ,  and i t s  weight is  reduced a l i t t l e  from the
e a r l ie r  f ig u re  o f  4.3 kg (9 j  l b ) .  The two separate membrane pumps
are now combined into one double-acting u n it .  The respirom eter,  
which is  shown in F ig . 1, has an overa ll  s ize  o f approximately  
10J in . x 8 in .  x 4 j  i n . ,  and weighs about 7 l b .  The mechanism o f
the gas metering device is  contained in the lower h a l f  o f  the
respirometer casing. The upper part of the respirometer cas ing ,  
which can be e a s i ly  removed, houses the sampling mechanism and the 
counter which records the volume o f expired a i r  which has passed through 
the meter. A "mercury-in—g la s s "  thermometer i s  mounted in  the upper 
part o f  the respirometer casing. This thermometer records the 
temperature o f  the a i r  being exhausted from the meter.
Structure and function ing.
A gas or a i r  meter o f th is  type measures the volume o f gas 
passing through i t  by the a lte rn a te  f i l l i n g  and emptying o f  compart­
ments which a re  separated by f l e x i b l e  be llow s ; the movements o f  these 
bellows drive the recording counter and actuate the va lves d irect ing  
the flow o f gas into and out of the compartments. Diagrams showing 
the operation of th is  mechanism are given in F ig .  2, 1 -6 . In
Fig. 2. MAX PLANCK RESPIROMETER. BELLOWS AND VALVES.
1. Side view, bellows compartments.
2. Front view, bellows compartments.
3. Top view, cover removed, showing valve boxes
4. Top view, cover removed, showing valve p la te  in po s it ion .
5. Section of va lve , position  1.
6. Section of va lve , position  2.
In 3 and 4 the stipp led  areas show the openings to the 
t ran s fe r  ports and bellows compartments. The arrows in 1-4 show 
the d irection  o f mechanical movement; in 5 and 6 they show the 
direction  o f a i r  movement.
Legend
AjA^, B jB0: Bellows compartments.
C. t ran s fe r  port .
D. valve box
E. valve p la te  crank lever
F. v e r t ic a l  shaft
G. bellows crank le v e r .
H. bellows p late
I .  in le t  tube
J. va lve  p la te
K. main crank sha ft
L. connecting rods
A « A x  H
*  t  E  ' /  
6 - ° \
t
I I
MAX-PLANCK RESPIRO M ETER M ETER BELLOWS & VALVES.
Fig . 2
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p rac t ic e ,  the meter consists  o f  two primary compartments, o f r ig id  
shape and f ix ed  volume; each of these primary compartments i s  sub­
d iv ided , by leather be llow s, into two secondary compartments.
(F ig .  2, 1. A^A^ and The a i r  stream to be measured is
d irected  simultaneously in to , say, compartments A^ and B^. The 
bellows consist o f a lea ther  membrane (s p e c ia l ly  treated  to be 
unaffected  by moisture) with a metal p la te ,  H (F ig .  2, 1, 2 and 3) 
f ix ed  in i t s  centre. This p la te  is  connected, through a crank 
le v e r ,  G, to a v e r t ic a l  sha ft  F. This sha ft  passes an a i r - t i g h t  
gland to top o f the meter. As compartments Ag and B  ^ f i l l  with a i r ,  
the bellows p la te s ,  H, are moved, along with the ir  crank le v e rs .
These movements impart a ro ta ry  motion to the v e r t ic a l  sha fts .
Above the meter casing two fu rther cranks, the va lve  p late  crank 
levers  (E , F ig . 2, 1, 2 and 4 ) are  attached to the upper ends o f  
the v e r t ic a l  sh a ft s ;  these cranks fo llow  the movements o f the 
bellows crank le v e rs ,  but are set a t  approximately r igh t  angles to 
the l a t t e r .  (F ig .  2, 2 and 4 ) .  Hie v a lv e -p la te  wrank le v e rs ,  E, 
are linked to the main crank sha ft , K, (F ig .  2, 4 ) by the connecting 
rods, L . The main crank sha ft  d rives the counter (see be low ). The 
v a lv e -p la te  crank levers  a lso  operate the va lve  p la te s ,  J , (F ig .  2 ,4 ) ,  
which d irec t  the a i r - f l o w  through the meter. When compartments A^ 
and are f u l l  the valve p la tes  r e -d i r e c t  the a i r - f lo w  into  
compartments A^ and B^. As the la t t e r  compartments f i l l ,  the a i r  in
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Ag and B^ i s  pushed out through the valves and exhausted to the 
atmosphere* The action  o f the valves is  shown in F ig* 1, 5 and 6.
There are two va lves , one to each o f the primary compartments* Each 
valve consists o f  two p a rts :  the p la te ,  J, and the box, D, these
parts are moulded from low f r i c t io n  p la s t ic *  The va lve  box is  
divided into three sections. The centre section i s  connected to the 
transfe r  port, C, (F ig .  2, 1, 2, 3 and 4 ) .  The t ran s fe r  port is  an 
extension o f  the in le t  tube, I ,  to the meter. The two outer sections  
of the va lve  box are connected one to each o f the secondary compartments 
of the meter. The va lve  p late  has a concavity in i t s  under su rface .
This concavity i s  always connected to the centre section o f the valve  
box, and so, through the tran s fe r  port to the in le t  tube of the meter*
The concavity is  a lso  a lte rn a te ly  connected to one or other of the 
outer sections o f the va lve  box* The section o f the valve box which 
is  not, at any time, under the p la te  i s  open to the atmosphere. Thus, 
a i r  entering the meter v ia  the in le t  tube and t ran s fe r  port is  directed  
into one secondary compartment on each side o f the meter, while  the 
other two secondary compartments empty the a i r  in them to the atmosphere. 
Once compartments A^ and are f u l l  the valve p la te s  are repositioned  
so that A^ and B^ s t a r t  f i l l i n g ,  repeating the cycle as described.
During each complete cycle 2 l i t r e s  o f a i r  pass through the meter.
The sequence o f events i s  kept in phase by the interconnected cranks, 
levers and sh a fts .
SAMPLE TAP
D - r > c - i
r COUNTER
g e I r s
MESHED
TO BLADDER
d = . LEVER
F ig . 3. Max Planck respirometer, counter and sample tap.
M AX-PLANCK RESPIROMETER:
SAMPLING RATE GEARS.
Pig. 4.
-  18 -
The counter is  o f the "Veeder" or cyclometer type, not the 
ro tat ing  po inter on a f ixed  scale  normally f i t t e d  to gas meters.
( c . f .  the dry flow  a i r  meter). The counter can be read to 0.2 
l i t r e ,  and has a capacity o f 9,999 l i t r e s .  I t  cannot be r e -s e t  
to zero each time i t  i s  used. The counter i s  driven through a 
reduction gearing  from the main crank sh a ft ,  (F ig s .  3, A, C and E 
and 4 ) ;  the d r iv e  can be engaged or disengaged by the action of 
a small handle p ro ject ing  from the fron t o f the respirometer casing 
(F ig .  3, A ) .  This handle a lso  controls the tap on the ou tle t  side
o f the sampling pump (see be low ).
In addition  to the d r ive  to the counter, the main crank shaft
of the meter ca rr ie s  two f i b r e  gear wheels. These mesh with two
further f i b r e  gears on a second shaft mounted v e r t ic a l ly  above the 
main crank sh a ft .  (F ig .  4 ) .  This second sha ft  can be positioned  
so that one or other gear wheel from each o f the pa irs  can engage, 
providing two a lte rn a t iv e  speeds o f ro tation  o f the second shaft fo r  
any one speed o f ro ta t ion  o f the main crank sh a ft .  This second shaft  
is  f i t t e d  with an eccentric cam, which operates the membranes o f  the 
sampling pump (F ig s .  4 and 5 ) .  This shaft  a lso  ca rr ie s  the two 
valve p la tes  o f the sampling pump. One o f these p lates  i s  attached  
to the shaft  and ro ta tes  with i t ,  while the other, which is  merely
FLE X IB LE  C O NNECTING  TUBES
MAX-PLANCK RESPIROMETER ■. ACTION OF SAMPLING PUMP.
5.
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supported by the sha ft , remains stationary  (F ig s .  5 and 6 ) .  The 
two p la tes  are held c lo se ly  together by a sp ring . The change o f  
position  o f the second sha ft ,  and hence the speed o f i t s  ro tation  
and the ra te  of sampling, i s  contro lled  by a knob p ro ject ing  from 
the f r o n t  of the respirometer (the sampling ra te  knob, F ig . 4 ) .
This knob i s  pu lled  out to engage the gears fo r  the low ra te  o f  
sampling, and pushed in fo r  the high ra te .  The two ra tes  of  
sampling are 0.3^ and 0.6^ (nominally -  though in fa c t  r a r e ly  as 
much) o f the volume o f a i r  passing through the meter*
The pump i t s e l f  consists o f  a c ircu la r  aluminium block o f  
biconcave section (F ig .  5 and 7 ) .  Each concavity i s  enclosed  
by a thin rubber membrane. A small metal disc is  attached to the 
centre o f  each membrane, and these discs are linked together by a 
yoke. The yoke is  moved Mto -a n d - f ro M by a rod, which i s  in i t s  
turn driven by the eccentric cam mounted on the second sh a ft ,  as 
described above (F ig .  5 ) .  The yoke connects the membranes o f  the 
pump so that as one membrane i s  pushed into the concavity on i t s  s ide  
of the block, the other membrane is  pu lled  out from i t s  concavity, 
and vice ve rsa . The rec iprocating  movements imparted to the yoke 
by the eccentric  cam thus create a lte rnat ing  p o s it iv e  and negative  
pressures in the chambers o f the pump blocks. These pressure changes 
are out-o f-phase  on each side o f  the pump, i . e .  when the pressure is  
pos it ive  in one chamber i t  i s  negative in the other. Each chamber
M A X -P L A N C K  RESPIRO M ETER
S E C TIO N  OF VALVE PLATES.
F ig .  6.
M A X-PLA NCK RESPIROMETER SAMPLE PUMP a n d  VALVE
F ig . 7.
The arrows on the valve p late  show d irection  of a i r  flow  
those on the pump, the d irection  of mechanical movement.
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is  connected, by a f l e x i b l e  (polythene or rubber) tube, to the 
stationary  valve p la te  (F ig s *  5 and 7 ) .  This stationary  valve  
p la te  a lso  has connections to the in le t  tube of the meter and, 
through the sampling tap, to the storage bladder (F ig .  5 and 7 ) .
The connections are  brought to the inner face o f the stationary  
p la te  (F ig .  6 ) where they are arranged in the fo llow ing ways
1. from the meter: outer rad ius
2.3. to and from pump: middle rad iu s .
4. to b ladder: inner rad ius .
(The endings of these connections a re  shown by the dotted l in e s
in F ig . 7 ) .  The r<*dii to which these connections are made
correspond to three annular grooves m illed  in the inner face  o f  the 
ro tat ing  valve p la te  (F ig .  6 and 7 ) .  (The diagram in F ig .  7 i s  drawn 
at  the lefeel o f the inner faces o f  the two valve p lates  and shows 
features of each p l a t e . )  A ir  in the outer groove i s  ab le  to pass 
into h a l f  o f  the middle groove; s im i la r ly  a i r  in the other h a l f  of  
the middle groove can pass into the inner groove. The two sections  
o f the middle groove are pneumatically separated. This p la te ,  
ro tat ing  with the sha ft ,  a lte rn a te ly  connects the in le t  from the meter 
(outer groove) to one or other of the tubes (middle groove) leading to 
the pump block. When the in le t  from the meter is  connected to one 
side o f  the pump, the other side is  connected to the b ladder. The 
passage o f a i r  through the pump and valve  to the bladder may be 
summarised as fo l lo w s :
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1. In le t  o f meter to stationary  valve p la te *
2. S tationary  p la te  to outer groove of ro tat ing  p la t e .
3. Outer groove to one h a l f  o f centre groove o f ro ta t in g  
p la te *
4. Centre groove of ro ta t ing  p la te  to f ix ed  p la te .
5. Fixed p la te  to pump chamber.
Stages 1-5 occur under the in fluence o f negative pressure in the 
chamber o f  the pump.
6* Pump chamber to f ixed  p la te .
7. Fixed p la te  to second h a l f  o f centre groove o f ro ta t ing
p la te .
8* Centre groove to inner groove of ro ta t ing  p late*
9* Inner groove o f ro ta t ing  p la te  to f ix ed  p la te .
10* Fixed p la te  to sampling tap and storage bladder*
Stages 6-10 occur under the in fluence of po s it iv e  pressure in the 
chamber o f  the pump, In p ractice  stages 1-5 are occurring  
simultaneously, on one side o f the pump, with stages 6-10 on the 
other s id e .
A three-way sample tap i s  f i t t e d  to the respirometer (F ig s*
3 & 9 ) .  This tap d irec ts  the expired a i r  sample from the pump 
either to the bladder (F ig .  3D) or to the atmosphere (F ig*  3B ). The 
th ird  connection is  from the bladder to the atmosphere. As mentioned 
above, the handle o f  th is  tap a lso  engages the reduction gear d rive  to
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the recording counter* When sample of expired a i r  i s  d irected  from 
the pump to the atmosphere ( "d i s c a rd ” ) the mechanism of the counter 
i s  disengaged from the main crank shaft o f the respirom eter. When 
the sample from the pump i s  d irected  to the bladder the counter drive  
is  engaged* The counter drive is  a lso engaged in the th ird  posit ion  
of the tap.
Maintenance*
A l l  m etal-to-m etal bearing surfaces should be re g u la r ly  
lub r ica ted  with l ig h t  mineral o i l .  The p la s t ic  valve p la tes  and 
boxes need no lu b r ic a t io n .  P a rt icu la r  attention  should be paid to 
the inner faces o f  the two va lve  p lates  o f  the sampling pump. These 
p la tes  should be cleaned and l i g h t ly  o i led *  I t  i s  e ssen tia l that 
the p la tes  seat evenly, or leaks w i l l  occur, re su lt in g  e ither  in a 
reduced volume o f sample or, more se r iou s ly ,  in contamination o f the 
sample with atmospheric a i r .  The tension of the spring (F ig .  4 ) which 
holds the p la tes  together should be such that the p la tes  bear evenly on 
one another and yet without g rea t  p ressure . I f  the pressure is  
unnecessarily  high, la rge  f r i c t io n a l  fo rces must be overcome to drive  
the pump. The rubber membranes o f  the pump should be inspected from 
time to time, and replaced i f  they show any signs o f  per ish ing . In 
order to rep lace the membranes o f  the pump i t  i s  necessary to dismantle 
the pump driv ing  mechanism, and to remove the pump block from the 
respirom eter. Latex rubber dental dam o f medium grade thickness i s  a
RUBBER
M E M B R A N E ^
M E T A L  DISCS,
□
II
BUSH - C O N N E C T S  
TO YOKE
CEZ2^
SCREW
M A X -P L A N C K  R ESPIROM ETER.
F ig . 8 Replacing the rubber rneubranee o f  the sampling pump
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su itab le  m aterial to use when rep lac ing  the membranes. I t  should 
be cut, roughly c ircu la r ,  about one inch diameter la rg e r  than the 
old membrane. A small hole i s  cut in the centre o f the sheet of  
la tex  and the metal discs f ixed  with rubber so lution  and then 
screwed together (F ig .  8 ) .  The membrane is  secured to the pump 
block by e ither an e la s t ic  band or a p iece o f thread or f in e  cord.
A shallow groove i s  m illed around the outside of the pump block at  
each side  (F ig .  7)| this groove accomodates the e la s t ic  or thread  
securing the membranes. When f ix in g  the membranes to the pump block  
care should be taken that the metal disc i s  positioned accurate ly  in 
the centre l in e  o f  the block. Once the membranes have been secured 
to the block the excess rubber can be trimmed o f f .  Careful serv ic ing  
of the pump is  essentia l as a la rge  part o f the resp irom eter1s 
resistance to a i r  flow is  due to the operation o f the pump (see below: 
‘ Resistance1) ,  The res istance  due to the pump v a r ie s  from meter to 
meter, from about one quarter to one h a l f  o f  the to ta l  re s istance .
The f l e x ib le  tubes connecting the pump block to the valve p lates  should 
also  be inspected and replaced when necessary.
The sample-tap/counter un it  requires l i t t l e  attention  apart from 
an occasional drop o f  o i l  on the key o f  the tap . However, in some 
meters the tap block has become unsoldered from the upper part o f  the 
meter casing. Trouble has a lso  been experienced with the soldered  
jo in t  between the v a lv e -p la te  crank levers  (E )  and the v e rt ic a l  sha ft
(F , F ig .  2 ) .  I f  the meter has to stand up to rough treatment,
C O U N T E R  WINDOW
ENGAGED
L  -U P
DISENGAGED
ORIGINAL POSITIONS
c
: ClSEMGAGED
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M A X - P L A N C K  R E S P I R O M E T E R : S A M P L I I I G  T A R
F ig . 9
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i t  i s  worthwhile to change the posit ion  o f  the handle o f  sample tap, 
as described by Garry et a l . (1955) and to replace the handle with a 
knob ( in s u l l  1954). (On the respirometers as supplied by the makers 
th is  handle p ro jects  sideways geyond the meter casing. Garry et a l . 
recommend that the handle be reversed on i t s  shaft so that i t  i s  
protected by the meter casing (F ig .  9 )  ) .
The bellows are sealed in the lower part  of the respirometer
casing, and i t  i s  inadvisable  to d istu rb  them unless some gross  
upset has occurred which can be d e f in i t e ly  a ttr ibu ted  to the ir  
malfunction. A fte r  prolonged use (a  year or more) the bottom part  
of the meter casing may become corroded and perfo ra ted . This i s  
p a r t ic u la r ly  the case with some of the o lder respirometers whose 
cases were made o f t in p la te ;  the newer models have brass cases. I f  
the meter casing does become perforated  a serious e rro r  in measurement
is  l ik e ly  to be introduced. Small ho les  may be soldered in d iv id u a l ly ,
but i f  the area o f  corrosion i s  la rge  i t  i s  be tte r  to so lder a thin  
sheet o f brass over the en tire  a rea . A fte r  each period  o f use i t  i s  
adv isab le  to drain o f f  any moisture which may have condensed ins ide  
the bellows compartments.
Ca lib ra t ion  of the respirometer: i in troduction .
The Max Planck respirometers are ca lib ra ted  by the manufacturers 
before they are  despatched from the fa c to ry .  The correction  factor  
( * K .F . ! ) obtained from th is  ca l ib ra t ion  is  engraved on or near the
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window o f  the recording counter. Unfortunately  the system of 
ca lib ra t io n  employed by the manufacturers i s  open to question (see  
below ), and we have never found the ir  fac to r  to be accurate. Users 
of the respirom eter are advised to ignore th is  fac to r  and r e -c a l ib r a t e  
the instrument fo r  themselves. I t  i s  e s sen t ia l  that the r e s p i r -  
oraeters be ca lib ra ted  with a i r - f lo w s  of the same pattern as those which 
they w i l l  be required  to measure when in use . This means that the 
ca l ib ra t in g  a i r - f lo w s  should be p u ls a t i le  a t  physio log ica l re sp ira t ion  
frequencies (12-60 per minute), and should a lso  cover the range o f flow  
rates encountered in  normal human pulmonary ven t i la t ion  (5-100 l./min, 
in terrupted f lo w . )  
i i  H is to ry .
In the ir  o r ig in a l  description  of the Max Planck respirometer 
Kofranyi & M ichaelis (1940) g ive  a tab le  o f  correction facto rs  fo r  the 
respirometer a t  flow  rates ranging from 5.5 l./min to 96.5 l./m in . No 
description  o f the method o f obtaining these correction facto rs  is  given  
beyond sta t ing  that an exact dry gas meter was used fo r  comparison.
In the f i r s t  s c ie n t i f i c  paper dealing with the respirometer and w ritten  
in English , Orsini & Passmore (1951) ca l ib ra ted  the Max Planck r e s p i r ­
ometer with a i r  flows from a Douglas bag or Benedict spirometer f i l l e d  
with a known volume o f a i r .  Steady non -pu lsa t i le  flows, at various ra te s ,  
were used. As a fu rther  means o f ca l ib ra t ion  these authors a lso  compared 
the pulmonary ven t i la t ion  o f  subjects performing standardised a c t i v i t i e s
>as measured by the respirometer and by the standard Douglas bag 
technique. Muller & Franz (1952) dea lt  briefly with the c a l ib ra t io n  
of the respirom eter. They s ta te  that the respirometers are ca lib ra ted  
against an accurate gas meter, and that fo r  any one respirometer the 
correction fac to r  is  constant at  steady flows from 10 l./min to 
60 l./min* This is  contrary to our experience. I t  i s  understood 
that the manufacturers c a l ib ra te  the respirom eter against a wet-flow  
meter, using only steady flows o f  f a i r l y  low r a t e .  In su l l  (1954) 
ca lib ra ted  the respirometer by measuring the pulmonary v en t i la t ion  o f  
subjects performing standard a c t i v i t i e s ,  and comparing i t  with that  
recorded by the Douglas bag technique.
Durnin (1955) described a method of c a l ib ra t io n  o f the Max 
Planck respirometer using a wet—flow gas meter and Douglas bag. The 
bag i s  f i l l e d  with an accurate ly  known volume o f a i r ,  measured by the 
flow meter. The bag i s  then disconnected from the flow meter and 
connected to the respirom eter. The contents o f the bag are next pushed 
out, through the respirometer, in a p u ls a t i le  manner, to produce an 
a i r - f lo w  pattern s im ilar  to that occurring in normal re sp ira t io n .  This 
procedure is  repeated at  a l l  " v e n t i la t io n "  and " re sp ira t io n "  ra tes  l ik e ly  
to be encountered. This method, while f u l f i l l i n g  a l l  the d e s irab le  
c r i t e r ia  outlined above, i s  d i f f i c u l t  and tedious to perform.
In 1958 four independent descrip tions o f  d i f fe re n t  methods o f  
ca lib ra t ion  appeared in the l i t e r a t u r e .  W o lf f  (1958) described the 
system used to c a l ib ra te  the in teg ra t in g  pneumotachograph. Montoye,
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Fig . 10.
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Huss, Reinke & Cockerell (1958), in what appeared to be a rather  
un sat is fac to ry  paper, described a method s im ila r  to that o f Durnin 
(1955) except that only steady a i r - f lo w s  were used. Brown & Croton 
(1958) used a mechanically driven in terrupter  fan to produce a 
p u ls a t i le  flow in the a i r  stream from a cen tr ifu ga l blower. This 
p u ls a t i le  flow o f a i r  was d irected  through the respirom eter, co llected  
in a Douglas bag and subsequently measured by a standard gas meter. 
Correction facto rs  a t  various flow ra tes  were derived from the 
d iffe rences  between the respirometer and standard meter readings.
Riendeau & Consolazio (1958, 1959) use a T issot spirometer as a 
standard. A i r  is  pumped from the spirometer through the respirometer 
by means o f a manually operated double acting  pump. This procedure is  
carr ied  out a t  various flow and " re sp ira t io n "  ra tes  and correction  
fac to rs  c a l ib ra ted .
i i i .  The method o f c a l ib ra t io n .
The method o f ca l ib ra t ion  o f the Max Planck respirom eters used in 
th is  laboratory  i s  based on that of Durnin (1955) and on that o f  vro I f f  
( l 9 5 8 )0 The apparatus i s  shown diagrammatically in F ig . 10. I t  
consists o f  ( l )  a blower capable o f de live r ing  a steady flow o f up to 
about 500 l ./m in j (a  cy linder vacuum cleaner used "in  reverse "  i s  
id e a l ;  one was k ind ly  donated by Messrs. Hoover L t d . ) ;  (2 )  a motor- 
drive r  in terrupter fan . This consists o f  a low-geared constant speed 
(12 rev ./m in .) e le c t r ic  motor and a set o f f iv e  interchangeable in te rrup ter  
fans . These fans allow  the a i r - f lo w  in the system to be in terrupted
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12, 24, 36, 48 or 60 times per minute. A lte rn a t iv e ly ,  a v a r iab le  
speed motor and a s in g le  fan could be used. The fans have a lte rn a te  
segments cut out (see  inset, F ig . 10). Used in conjunction with  
1 inch bore tubing, these fans produce an a i r - f l o w  pattern roughly  
s im ila r  to that o f  normal human re sp ira t io n .  By changing the shape 
of the cut-outs on the fans and the section o f the tube i t  i s  poss ib le  
to produce p r a c t ic a l ly  any shape o f a i r - f lo w  pattern des ired . A 
volume-control shutter i s  mounted on the srrae un it  as the in terrupter  
fan . This operates, g u i l lo t in e -w is e ,  in a s lo t  across the a ir -su p p ly  
tubing, and i t  i s  used to regu la te  the volume o f a i r  passing through the 
system. (3 )  a la rge  "standard" gas meter: th is  is  a re fined  version
o f the commercially produced bellows gas meter (see  be low ). I t  has 
been found to be consistently  accurate in i t s  measurements at  the 
required low ra te s ,  and because o f i t s  la rge  s iz e ,  and the type o f  
mechanism used in b e l lo w s1 meters, i t  i s  as accurate in i t s  measurements 
o f p u ls a t i le  flow as o f steady flow (see be low ). This 'Standard" meter 
i s  p e r io d ic a l ly  r e -c a l ib r a te d ,  and i f  necessary r e - s e t ,  by the makers.
The c a l ib ra t io n  apparatus i s  connected in se r ie s  with the 
respirometer under te s t ,  through a va lve  and length of tubing as in 
actual use. Using the volume control shutter in conjunction with 
the appropriate fan (see  Table l )  the rate  o f a i r - f l o w  through the 
system is  adjusted to approximately 5 l./min, as measured by the 
respirometer under t e s t .
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Table 1.
1
Rate o f Flow 
Litres/min.
Interruptions  
per minute.
20 12
20 - 50 24
50 - 70 36
70 - 100 48
100 - 60
With the blower running, the in terrupter fan is  stopped so as to 
completely cut o f f  the a i r - f l o w  to the meters. Readings are taken 
on the standard meter and respirom eter. The in terrupter fan i s  
re -s ta r te d  and a volume o f 20-30 l i t r e s  o f a i r  i s  allowed to pass 
through the system. The in terrupter fan i s  then stopped (again  so 
as to completely cut o f f  the a i r - f l o w )  and the meter and respirometer  
re -re a d .  The correction fac to r  i s  ca lcu lated  as shown:
Vo l. o f  a i r  passed through standard meter: 20 1.
V o l. o f  a i r  recorded by respirometer: 18.5 1.
20
Correction facto r  (a t  5 l./m in ) -  18.5 = 1.08
The process is  then repeated, and the mean fac to r  obtained from 
the ca lib ra t ion s  taken as the correction facto r  o f  the respirometer a t  
the flow rate used.
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The flow ra te  o f  a i r  in the system is  then re -ad ju s ted  to 
approxinatelv  10 l./m in, and the c a lib ra t io n  and ca lcu lation  o f  
the correction fac to r  repeated. The respirometer i s  ca lib ra ted  
at  flow ra tes  o f 5, 10, 20, 3 0 . . .  l./min up to the highest rate  
l ik e ly  to be met with, th is  w i l l  probably not exceed 50 l./min fo r  
normal a c t i v i t i e s .  Should any la rge  changes occur in the correction  
fac to rs  when c a l ib ra t in g  a t  10 l./min in te rv a ls ,  fac to rs  should be 
determined fo r  intermediate rates  o f  f low . A ca lib ra t ion  chart 
is  thus prepared fo r  each respirom eter in use. (Table  2 ) .
Table 2.
, . . . . .  , 1 
Respirometer No.............
Rate o f Flow Correction
Litres/min Factor
5 1.08
10 1.07
20 1.05
30 1.06
40 1.06
50 1.07
60 1.08
To f ind  the corrected pulmonary ven t i la t io n  the volume recorded  
by the respirometer i s  ru lt ip l ied  by the correction  factor appropriate
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to the recorded flow r a t e .  For ecample, i f  the respirometer had 
recorded a volume of 200 l i t r e s  during 10 minutes,and, i f  the 
correction facto r  at a flow o f 20 l./min was 1.05, the true 
pulmonary v e n t i la t io n  during that period would be:
2 0 0  . a k  01 i / •■JJP x 1.05 = 21. l./min
This f ig u re  would then normally be ad justed  to N .T .P . or to B .T .P .S ,
The ca lib ra t ion  o f the respirometer should be checked p r io r  to 
use each day. The correction fac to r  has been found frequen tly  to 
change by 0.01 from day to day (lj£ change o f accuracy o f the to ta l  
volume recorded ), even when apparently working qu ite  s a t i s f a c t o r i ly .
Due to various causes, ( f r i c t i o n a l  or co rro s ive ) much la rg e r  changes
may occur unnoticed i f  such frequent c a lib ra t io n  is  not carr ied  out.
The use of the respirometer.
The Max-Planck respirometer is  normally ca rr ied  on the 
experimental sub ject*s  back, except when recording during such 
a c t iv i t i e s  as s i t t in g  or ly in g ,  ( in  these cases the respirometer  
i s  conveniently placed on a chair beside the s u b je c t . )  The length  
of the shoulder straps of the respirometer should be adjusted so that 
i t  is  carr ied  high on the su b je c t ‘ s back, f i t t in g  c lo se ly  yet without 
r e s t r ic t in g  h is  movements. Pbr recording during v io le n ta c t iv i ty ,  
i t  is  adv isab le  to secure the lower corhers o f the respirometer with 
a strap around the sub ject*s  body; th is  prevents the respirometer 
from swinging about. A rubber fo o tb a l l  bladder ( s i z e  N o .5 is  s u i t a b le )  
i s  t ig h t ly  r o l le d  up to expel i t s  contents and attached to the ou tle t
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pipe o f  the sampling tap. The tap leve r  should be in the 
disengaged pos it ion , i . e .  the dr iv ing  gears o f  the recording counter 
are not meshed and the tap d irects  the sample expired a i r  from the 
pump to the atmosphere. The reading o f  the counter i s  noted on 
sp e c ia l ly  prepared record sheet of the type shown in Appendix A.
The sample rate se lection  knob is  positioned su itab ly  fo r  the 
a c t iv i t y  to be recorded. That i s ,  i f  the exerc ise  is  strenuous, 
e .g .  running, the 0 . 3 rate  o f sampling i s  se lected , while fo r  more 
moderate forms of a c t iv i t y ,  e .g .  s i t t in g ,  the ra te  o f sampling should 
be 0.6J& of the to ta l volume of expired a i r  passing through the meter.
A 24 in . length of 1 in . bore f l e x i b l e  hose i s  attached to the
in le t  tube of the meter. The manufacturers supply black corrugated
rubber tubing with the respirometer. The so le  v irtue  o f  th is  tubing
i s  i t s  l ig h t  weight. I t  has been found to "kink" very re a d i ly  and is
e a s i ly  co llapsed by qu ite  moderate external pressure, such as i t  might
encounter i f  jammed between the sub ject*s  arm and body. In th is
*
laboratory  1 in . bore "low pressure oxygen breathing tubes " are  used.
These tubes are made o f rubber moulded over a h e l ic t ic a l  wire sp ring .
The inside o f the tube is  o f  f a i r l y  smooth bore (to  reduce the resistance  
to a i r - f l o w )  and the outer surface i s  covered with green ro t -p ro o f  fa b r ic .  
These tubes are completely free  from "kinking" and they cannot be collapsed
*
Manufactured by Dunlop Rubber Co. L td . ,  Hose D ivision , Manchester*
Fig . 11. Section o f two-way re sp ira to ry  valve used with
Max tlanck respirometer.
F ig .  12, Tubing, va lve , mouthpiece, bladder and harness used with
Lax Planck respirometer.
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by any external pressure they are ever l ik e ly  to encounter in th is  
type o f  use. These tubes su f fe r  from the disadvantage o f  being  
rather heavy. The other end o f the hose i s  connected to the 
expiratory  side  o f an in sp iratory/exp iratory  va lve . This va lve  
( F i g . 11) i s  made of 'Perspex" with mica discs and phosphor bronze 
or s ta in le ss  s tee l  springs and gu ides. I t  is  T-shaped; the 
in sp ir  tory and expiratory valve discs and the ir  springs and guides  
are housed in the cross piece o f  the *T* while the "down-stroke" 
makes common connection to the sub ject .  The valves themselves 
consist o f a c irc u la r  mica disc held on to an annular perspex k n i fe -  
edge by a sp ring . These valves are  supplied by the manufacturers o f
the respiroraeter. A rubber mouthpiece is  attached to the va lve .
The mouthpiece, which has a short (J  i n . )  tube on one side to connect 
i t  to the va lve ,  consists o f an oval f lange  with two lugs which are 
gripped between the sub ject*s  teeth , while the flange l i e s  between the 
l ip s  and gums. I t  i s  advisab le  to have a v a i la b le  several s izes  o f  
mouthpieces to f i t  the d i f fe re n t  sized mouths o f various sub jects .  The 
su b jec ts ’ n o s t r i l s  are closed with a nose c l ip ,  to ensure that a l l  h is  
expired a i r  i s  d irected through the respirom eter. F ig .  12 shows the 
a n c i l la ry  equipment used with the respirometer* Qnce th is  equipment i s  
f i t t e d  to the sub ject the determination o f  energy expenditure has begun. 
In an i n i t i a l  period o f  f iv e  minutes the sub ject becomes accustomed to 
carrying and breathing through the respirom eter. This i n i t i a l  period
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a lso  serves to a llow  the subject to a tta in  the physio log ica l  
"s te ad y -s ta te " .  In none o f the experiments described in th is  
thesis  were we measuring the energy expenditure o f  a c t i v i t i e s  in 
which the steady state  was not attained* In the i n i t i a l  period  
the pulmonary ven t i la t ion  is  not recorded (the counter being 
disengaged) and no sample of expired a i r  i s  co llected  in the b ladder;  
although the pump is  operating the sample i s  discarded to the atmosphere 
a f t e r  f lush ing  out the pump and i t s  connections. At the end o f the 
i n i t i a l  period the sampling tap lever i s  moved to the "engaged" 
posit ion , i . e .  the counter d rive  is  engaged and the sample o f  expired  
a i r  d irected  from the pump into the rubber b ladder. This recording  
period u sua lly  la s t s  ten minutes. Should the rubber bladder become 
f i l l e d  before the conclusion o f  th is  period the sampling tap lever  
should be moved to i t s  th ird  pos it ion , i . e .  connecting the bladder to 
the atmosphere, and some of the expired a i r  in the bladder squeezed out 
to the atmosphere. In th is  position  the counter drive i s  s t i l l  engaged. 
Once the bladder has been p a r t ia l ly  emptied the sampling tap leve r  is  
returned to the engaged po s it ion . At the end o f the ten-minute 
recording period the tap lever is  returned to the "disengaged" po s it ion ;  
the sub ject discontinues h is  a c t iv i ty  and s i t s  down. The temperature 
of the expired a i r  is  read from the thermometer in the top casing o f  the 
respirometer, and noted, along with the f in a l  reading o f the counter, on 
the record sheet. The bladder containing the sample o f expired a i r  is
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removed from the respirometer and i t s  tube i s  c lipped shut with a 
pa ir  o f  a r te ry  forceps, and i t s  contents subsequently t ran s fe rred  
to a g la s s  sample tube* The respirometer i s  removed from the s u b je c t ! s 
back and any moisture drained from i t s  in s id e .  The hose and va lve
are  removed and rinsed  with cold water* The rubber mouthpiece i s
/ -4s t e r i l i z e d  in I f i  Milton so lution  fo r  1-2 hours (lj*> Milton i s  10
sodium hypochlorite so lu t io n ) .
E f fe c t  o f temperature.
The temperature o f  the expired a i r  passing through the 
respirometer is  re g is te red  on the thermometer in the upper cover o f  
the meter. I t  is  from th is  temperature that the volume o f a i r  passed  
through the respirometer i s  corrected to S .T .P .  or to B .T .P .S .  This  
temperature i s  in fa c t  that o f  the ou t le t  s ide  o f  the meter, which may, 
in certa in  circumstances, be considerably  lower than that o f  the in le t  
s ide  o f the meter. The error thus introduced into the pulmonary 
v en t i la t io n  when adjusted to standard temperature and pressure is  normally  
qu ite  sm all. A 4°C drop causes an error o f  about 4fc in the ca lcu la t ion  
o f the pulmonary v e n t i la t io n .  V/hen used indoors the temperature drop 
across the respirometer w i l l  r a re ly  be as la rge  as 4°C, though ou t -o f -doo rs  
in cold weather, the drop may w e ll  exceed 10°C. I f  the meter is  to be 
used in conditions o f  low ambient temperature i t  is  worthwhile to f i t  
an add it iona l thermometer to the in le t  tube o f  the meter and to ad just  
the pulmonary ven t i la t ion  to S .T .P .  using the mean temperature o f the two 
thermometers *
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Modifactions to the respirometer: i g en e ra l .
The Max-Planck respirometer i s  an extremely use fu l piece o f  
apparatus, indeed, there i s  only one other instrument (The in tegrat ing  
motor pneumotachograph Y/olff, 1958.) a t  present a v a i la b le  which is  
su itab le  fo r  studies on in d irec t  calorimetry outside the laboratory .
(The Douglas bag i s  not considered su itab le  because o f i t s  lim ited  
capacity and la rge  bulk. The former lim ited  the duration o f the 
measurements and che la t t e r  impedes the su b je c t 's  movements; the 
objections become more serious as the a c t iv i ty  increases in in t e n s i t y . )  
Nevertheless ther i s  considerable room fo r  improvements in the design  
and general contraction o f the respirometer. The general standard o f  
workmanship is  poor, the design of the sample pump, though ingenious, 
i s  not f u l l y  sa t is fa c to ry  both from the point o f view of res istance  and 
sample s ize ,  and the measurement o f the temperature o f the expired a i r  
passing through the respirometer could be made more accurate. The 
general arrangement o f components i s  good and the actual gas-metering  
part o f the respirometer is  qu ite  s a t is fa c to ry .  I t  was hoped to 
in te re s t  a B r it ish  firm in a p ro ject  to produce a respirometer su itab le  
fo r  f i e l d  stud ies . Two companies were approached with th is  p ro jec t  in 
view but neither was ab le  to co-operate. These two companies were 
members o f  the two major groups concerened with the m nufacture of  
domestic and in dustr ia l  gas metering equipment. Several other companies 
with in te re s t  in the f i e l d  of resp ira to ry  physiology were approached, but 
again without success.
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As mentioned above, a considerable part o f the to ta l resistance  
o f the respirometer is  due to the operation o f the sampling pump.
Some subjects f ind  the resistance  o f the respirometer ob ject ionab le , but 
there appears to be no way of sensib ly  reducing the res istance  as long 
as the power required to drive the sampling pump is  derived from the 
bellows mechanism o f the meter. Further, the maximum s ize  o f  sample 
which can be obtained from the pump normally f i t t e d  to the respirometer 
i s  r a re ly  as la rge  as the 0.6 fi sample claimed by the manufacturers.
When using the Pulmo-analysor (see  below: "gas a n a ly s is " )  i t  i s  des irab le  
to have a somewhat la rge r  volume o f a i r  fo r  ana lys is  than i s  needed fo r  
the Haldane apparatus. The co llec t ion  o f a la rg e r  sample o f expired  
a i r  with a pump o f the type normally f i t t e d  to the respirometer would 
re su lt  in a fu rther increase in i t s  res istance . The conventional form 
of pump is  probably the most e f f i c ie n t  way o f u t i l i s in g  the movements of 
the bellows fo r  sampling purposes, so i t  appeared that an a lte rn a t ive  
form o f power supply was d es irab le .  Apart from i t s  res istance , the 
pump currently  f i t t e d  to the respirometer is  idea l from the phys i^ ig ica l  
point o f  view: sampling is  continuous throughout the whole exp iration ,  
and takes place at a rate proportional to the rate  of a i r - f lo w  through the 
respirometer. That i s ,  the sample withdrawn by the pump is  t ru ly  
representative of the expired a i r  by the sub ject . I t  would not be 
possib le  to bu ild  an e le c t r ic a l ly  operated pump which could sample in 
th is fas ion , and yet be e a s i ly  portab le . A r e la t iv e ly  complex e le c t r ic a l  
c ircu it  would be necessary, and i t s  power requirements would be la rge .
Pump Circuit
Commutator
Wire
B ru sh e s
F ig .  13. C ircu it  diagram of pump of modified respirometer
Pump
Arrangement o f components o f m odified  respirom eter.
However, a f a i r l y  close approximation to the idea l can be obtained  
using a pump driven by a so lenoid , andoperating f a i r l y  frequen tly  and 
at  random times during exp irat ion .  
i i  The e le c t r ic a l ly  operated sampling pump.
The conventional sampling pump and i t s  d riv ing  mechanism has 
been removed from the respirometer and replaced by a battery  powered 
electro-magnetic pump. The solenoid o f th is  pump i s  energised by the 
discharge o f a 150 [iF e le c t ro ly t ic  capacitor; the capacitor i s  charged 
from a 90 V layer type high tension battery  (Ever Ready Batrymax No. B 126) 
The a lte rn a t iv e  charging and discharging o f the capacitor i s  e f fe c ted  by 
means o f a ro tating  cummutator. The body o f  the commutator i s  moulded 
from the cold sett ing  dental a c ry l ic  re s in .  I t  has s ix  periphera l brass  
insets  connected by copper wire to a central brass boss. The length o f  
each brass in se t  is  s l i g h t ly  le s s  than the c ircum ferentia l d istance  
between in se ts .  The commutator i s  5 cm. diameter and about 1.5 mm in  
thickness. Two spring wire brushes bear on the periphery o f the 
commutator and are so positioned that wi en one o f them makes contact 
with a brass in se t  the other re s ts  on the non-conducting a c ry l ic  m ate r ia l .  
Fig. 13 is  the diagram of the e l t r i c a l  c i r c u i t .  The commutator i s  attached  
to a short shaft mounted v e r t ic a l ly  above the main crank shaft o f  the 
respirometer and driven from i t  by f ib r e  gear wheels o f  a ra t io  o f  one 
to one. F ig . 14. shows the arrangement o f the various components o f  the 
modified sampling d -v ice . The main crank sha ft  o f the respirometer makes 
one revolution fo r  each two l i t r e s  o f  a i r  passing through the respirom eter.
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16. The modified Max Planck respirometer, with 
top cover removed.
I t  has been shown (W o l f f ,  1958) that th is  type of  operation provides  
a t ru ly  representative sample of  expired a i r  over a period o f  ten 
minutes. The actual pump i s  o f  the type used in the in teg ra t ing  motor 
pneumotachograph (W o l f f ,  1958); th is  i s  shown in Fig. 14 and 15. The 
stroke-volume o f  this pump can be adjusted from 0.3 ml to 2.5 ml, and at  
a frequency of  operation of  three per l i t r e  th is  provides a range of  
sampling of from O.l/e to 0.8J& of  the volume o f  a i r  passing through the 
respirometer. The range could be extended a t  e ither  end by modifying 
the pump and Jor the commutator.
The respirometer i s  f i t t e d  with two b i -m e ta l l i c  s t r ip  thermometers 
to record the temperature of the expired a i r  passing through i t .  One 
of these thermometers i s  mounted near the i n l e t  tube of  the meter and 
records the temperature o f  the a i r  entering the respirometer, The second 
thermometer i s  mounted in the upper cover o f  the meter ju s t  above on of  
the valve p la tes  and records the temperature o f  the a i r  leav ing the meter, 
/hen reducing the recorded volume o f  expired a i r  to standard conditions  
(e i the r  S .T .J .  or B .T .P .S . )  the mean of  the tepperatures recorded by these 
thermometers i s  used.
Performance o f  the modified respirometer.
The modified respirometer (shown with top cover removed in Fig. 16) 
i s  o f  the same physical dimensions as the convential model although i t s  
weight i s  increased by 0.5 lb .  The working l i f e  of the battery  i s  
equivalent to the passage of upwards of  7000 l i t r e s  of  a i r  through the 
respirometer. Table 3 shows Uie changes in the size  of  the sample 
delivered by the pump which can be expected during the sampling o f  9,000
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litres of expired air.
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TABLE 3
f-----------------------------------------------------
Volume of  a i r  passed 
through respirometer
l i t r e s
Size of  
sample
$
1000 0.86
3000 0.87
5000 0.85
7000 0.85
9000 0.73
The resistance of  standard Max Planck respirometers var ies  
somewhat, but i s  in the order of  1.5 era water at a pulmonary 
ven t i la t ion  o f  10 l i t r e s  per minute and 3 cm water at  TO l/min of  
th is ,  one h a l f  to one th ird  i s  contributed by the operation o f  the 
pump. The res istance  du4 to the e l e c t r i c a l l y  operated pump i s  
approximately 0.2 era at a l l  rates  o f  pulmonary ven t i la t ion .  Thus the 
modified respriometer o f fe r s  about 40$ less  resistance to a i r - f l o w  
through i t  than does the conventional model. These f igu res  are  
presented in greater  deta i l  in the section dealing with the measurement 
of resistance to a i r - f l o w  ( p . 52).
The modified respirometer has withstood use in strenuous excercises  
such as step test ing  an. uph i l l  running and has been used by independent 
workers in s ituat ions  ranging from the melting shop of  a steelworks to a 
c l in ic a l  research un it .
Fig .  17. The Standard Bry-f low A ir  Meter.
Parkinson and Cowan, type C.D4.
LITRES
HUNDREDSTENS
Index of Bry-Flow A i r  Meter (diagramatic)
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3. THE STANDARD DRY-FLQW AIR METER.
This instrument is  a la rge  industr ia l  "be l lows ' ’ gas meter 
which has been modified fo r  phys io log ica l  app l icat ions  by the 
manufacturers (Parkinson & Cowan, L td . ,  Cottage Lane, London,
E . C . l ) .  The meter i s  known as a type C.D4; i t  can record  
rates of  steady a i r  flow o f  over 700 l i t r e s  per minute, although 
in fac t  the makers rate i t s  maximum capacity as 250 l i t r e s  per 
minute® This meter can be used in the laboratory' fo r  the d i rec t  
measurement o f  pulmonary ven t i la t ion ,  although i t s  use in the work 
described in this  thesis  was confined to that of a standard meter 
against  which the Max Planck respirometers were ca l ib ra ted .
The meter i s  shown in F ig .  17. The recording index, which is  
mounted ho r izonta l ly  on the top o f  the meter, i s  in the form o f  a 4 j  
inch diameter d ia l  with a cen tra l ly  posit ioned rotat ing  po inter .
This d ia l  i s  graduated from zero to ten l i t r e s ,  in d iv is ions  o f  
one-tenth o f  a l i t re®  Two smaller c i r cu la r  d i a l s ,  within the 
circumference of the la rge  one, r e g i s t e r  tens of  l i t r e s  (0-90 l i t r e s )  
and hundreds of  l i t r e s  (0-900 l i t r e s ) .  The arrangement of  these 
scales is  shown in Fig, 18, where, fo r  the sake of c l a r i t y ,  the 
pointers have been omitted® The in te r io r  o f  the meter i s  sp ec ia l ly  
treated to prevent corrosion by moisture, and a drain tap is  f i t t e d  
to the bottom of the in l e t  pipe permitting the removal from the instrument 
of condensed water vapour. Some modifications to the meter were made
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in th is  laboratory ;  including the f i t t i n g  of thermometers (B r i t i sh  
Eototherm Co. L td . ,  Merton Abbey, London, 3.W.19) to the in l e t  and 
out le t  pipes and of a sampling tap to the in l e t .  These f i t t i n g s  
are o f  a benef it  when the meter i s  used fo r  physio log ica l  rather  
than physical purposes.
The dry -f low  meter i3 normally r e -c a l ib r a ted  every three or 
four months. This i s  done by the manufacturers who have a branch 
workshop in Glasgow. The meter i s  genera l ly  ca l ib rated  at two 
rates o f  steady f low, namely 400 cubic fe e t  per hour and 25 cubic 
fe e t  per hour (190 and 12 l i t r e s  per minute). The ca l ib ra t ion  i s  
made with the use of  a large  "sp irom eter" - l ike  gas ho lder .  The 
reason fo r  the use o f  "cubic fe e t  per hour" rather than " l i t r e s  per 
minute" i s  simply that the gas holder is  i t s e l f  ca l ib rated  in cubic 
fee t  and the technicians in the manufacturers1 workshop "think" in 
B r i t i sh  rather than metric un it s .  The correction factor  of  the meter 
which i s  determined from the ca l ib ra t ion  (and which must subsequently 
be app l ied  to readings of the meter) has never been found to d i f f e r  by 
more than 0.005 (iJ&) at  the two widely d i f f e r in g  rates o f  flow used in 
the c a l ib r a t io n .  I f  the correction fac to r  exceeds a value of 1.015, 
or is  le ss  than 0.985 ( i . e .  the error in the meter reading i s  greater  
than I j % ) the meter can be qu ite  e a s i ly  adjusted by the makers, although 
in f a c t  in four y e a r s1 experience with two of  these meters th is  adjustment 
has only been necessary on one occasion.
I f  i t  was every necessary i t  would not be d i f f i c u l t  to ca l ib ra te
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this  type of  meter at a higher rate  of  a i r  f low* For the purpose 
of a standard against  which the Max Planck respirometer can be 
ca l ib ra ted  a steady f low -ra te  of  190 l i t r e s  per minute i s  adequate in 
nearly a l l  cases* In the work of this  thesis  190 l i t r e s  per minute 
was inva r iab ly  more than adequate* The assumption underlying this  
statement i s  that the peak f low -ra te  during expiration is  in the order 
of to 3 times the pulmonary vent i la t ion  (Silverman, Lee, Yancey,
Araory and Lee, 1945); 190 l i t r e s  per minute peak f low -ra te  would thus
be equivalent to a pulmonary ven t i la t ion  of over 60 l i t r e s  per minute.
At the other end o f  the sca le  a peak f low -ra te  of  12 l i t r e s  per minute 
represents a pulmonary ven t i la t ion  of  4-6 l i t r e s  per minute.
A poss ib le  objection which might be ra ised  to the use o f  the 
dry-f low meter as a standard fo r  the ca l ib ra t ion  of the respirometers is  
a question of the a b i l i t y  o f  the meter to accurate ly  measure p u l s a t i l e ,  
as opposed to steady, a i r  f lows.  This matter has been invest igated  
using the apparatus described fo r  use in the ca l ib ra t ion  of the Max- 
Planck respirometer (see above) except that a large  Douglas bag was used 
instead o f  the respirometer. Using the combinations of  ’’r e sp i r a t io n 11 
and ’V en t i la t ion ” rates shown in Table 1 (above)  to produce a p u l s a t i l e  
a i r  flow the Douglas bag was f i l l e d ,  clamped o f f ,  disconnected from the 
outlet  pipe of  the meter and reconnected to the in le t  and i t s  contents 
re-passed through the meter at  a steady flow rate  of  about 25 l i t r e s  
per minute. The volumes o f  a i r  recorded by the meter during the
-  44 -
intermittent f i l l i n g  and the continuous emptying of the Douglas bag 
bag were compared® The d i f fe rences  between these pa irs  o f  recorded  
volumes were never more than 1-2$, and more importantly, the "steady  
f low" volume wqs neither consistently  above nor consistently  below 
the " p u l s a t i l e "  volume® At f i r s t  s ight  these f indings may appear a 
l i t t l e  su rpr is ing ,  but on consideration there i s  l i t t l e  reason to 
expect that a meter of th is  type would be less  accurate when dealing  
with p u l s a t i l e  than with steady flows®
When a s tead i ly  flowing stream of a i r  enters a "be l lows"  meter 
the very nature of  the metering device converts the steady flow into 
a very disturbed one as the a i r  stream is  part it ioned  into the various  
compartments of  the meter® Any recording instrument i3 l i k e l y  to 
measure a p u l s a t i l e  phenomenon inaccurately i f  the in e r t ia  o f  moving 
parts has to be overcome during the accelerat ion of these parts  and 
the energy of the ir  momentum diss ipated  during their  dece lerat ion ,  
as opposed to a steady state of motion of the components o f  the
instrument when i t  i s  recording a continuous phenomenon® Rotary
instruments are p a r t ic u la r ly  l i a b l e  to inaccuracy a r is ing  from th is  
source, but i t  i s  d i f f i c u l t  to imagine an instrument such as a "be l lows"  
gas meter being upset by a p u l s a t i l e  flow when even during steady flow
conditions i t s  moving parts are undergoing continual acce lerat ion  and
deceleration.
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4. RESISTANCE TO AIR FLOW.
A gas,  such as a i r ,  w i l l  only flow through a conducting system 
( v a lves ,  tubing, meters, e t c . )  i f  the in le t  and out let  sides o f  the 
system are a t  d i f f e r in g  pressures.  The region of  high pressure  
represents a source of potentia l  energy; th is  energy i s  u t i l i s e d  to 
drive the gas through the conducting system, flow continuing u n t i l  
the pressures at  each end of  the system are equal.  I f  a constr ict ion  
or p a r t i a l  blockage is  introduced into the system the rate o f  gas f low  
through i t  w i l l  be reduced, unless the pressure d i f f e r e n t i a l  through 
the system is  increased. To maintain a constant rate of gas flow in 
the system the pressure must be proportional to the extent o f  the 
blockages the more complete the blockage the higher the pressure  
d i f f e r e n t i a l  necessary. To some extent each component of  a conducting 
system presents a p a r t ia l  blockage or res istance to the a i r  f lowing  
through i t .  The amount of  work done in moving a i r  through the 
r e s i s t  nee of  a conducting system is  represented by the loss  of  energy 
of the gas during i t s  passage, i . e .  by the drop in the pressure o f  the 
gas.
The res istance  of equipment to a i r  flow is  normally measured in  
terms of the decrease in pressure ( ^ P )  o f  a i r  between the i n l e t  and 
out let  s ides of  the apparatus. " . . . I n  the general case, one can only 
measure res istance  by determining the loss  of mean to ta l  h e a d ; . . "
(Ower, 1949). The mean to ta l  head o f  pressure at  any point in the 
a i r f low  through a conducting system is  made up of two components!
1. the ve loc i ty  head, and 2. the s ta t ic  head. The ve loc i ty  head i s
The p r inc ip le  o f  the P i to t  tube ( a f t e r  Ower)
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the pressure exerted by the a i r  by v irtue  of i t s  d irect iona l  movement 
( i . e .  f low ) ,  while the s t a t ic  head i s  the pressure which the a i r  
exerts independently o f  i t s  f low. Fortunately the mean tota l  head 
i s  read i ly  determined by a s ing le  measurement. This i s  made by 
insert ing  a small L-shaped tube into the a i r  stream as shown in F ig .  19. 
This tube is  known as the p i tot tube or tota l  head tube. One end o f  
the p i to t  tube is  open and faces into the a i r  stream and the other 
end is  connected to a su itab le  pressure measuring device (a water or 
mercury manometer i s  the most s t ra ight fo rward ) .  P i t o t  tubes of  s im ilar  
dimensions are inserted into the in le t  and out let  ends of  the equipment 
under test  ( i t  i s  essentia l  to ensure that the in le t  pipes are of the 
same bore ; .  The res istance of the equipment i s  found by subtracting  
the mean tota l  pressure head recorded in the out le t  pipe (P2) from 
that recorded in the in le t  pipe ( P i ) .
Pj -  Fg =s P cG Resistance
The apparatus used to measure human pulmonary v en t i la t ion  usua l ly  
consi ts of  insp iratory  and expiratory va lves ,  a length of  f l e x i b l e  
tubing and gas metering device. hence the res istance  o f fe red  to the 
sub jec t f s expiration is  considerably greater  than that to in sp i ra t ion .
As mentioned above, some res istance  i s  inherent in a l l  a i r  conducting 
systems, and this  ce r ta in ly  holds for  re sp ira to ry  equipment. However, 
provided that the res istance i s  kept as low as poss ib le  i t s  e f f e c t s  on
the sub jec t 's  resp ira t ion  are  small . The e f f e c t  of high res istance  to
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to resp ira to ry  a i r  f low manifests i t s e l f  in three ways* 1* sub ject ive  
sensation, 2, a l te ra t ion  o f  re sp ira to ry  pattern, and 3* increase in 
the work of breathing.
The sub ject ive  sensations produced by increased re sp i ra to ry  
res istance  are var iab les  some subjects r a r e ly  complain, or even notice  
quite  high res istance ,  i . e .  of  the order of G-10 cm water, while  others  
f ind  res istances  o f  2-3 cm water ob ject ionab le .  Most subjects  can 
to le ra te  a considerably greater  res i  tance to in sp ira t ion  than to 
expiration (Silverman et a l  1945) but some find that in sp ira to ry  
res istance  i s  more unpleasant than expiratory (V/olff -  personal  
communication). tue to the arrangement of  the apparatus used in these 
studies ,  we have ra re ly ,  i f  ever, had complaints about in sp ira to ry  
res istance ;  th is  i s  always small .  For example, even i f  the pulmonary 
vent i la t ion  was as high as 70 l./min the res istance  o f  the in sp i ra to ry  
side of the valve used would only be 2 cm water compared with a to ta l  
expiratory res is tance  of nearly  7 cm water a t  the same ven t i la t ion  rate  
(see F ig .  23^, Even when the res istance i s  small and causes no 
phys io log ica l ly  detectable e f f e c t ,  i t  i s  none the le s s  des irab le  to 
keep i t  as low as poss ib le  to ensure maximal co -oper it ion  from the 
subject .
The a l t e ra t ion s  to the resp ira tory  pattern caused by in sp i ra to ry  
and expir vtory res istances ,  separate ly  and together, have been studied  
by Silverman et a l . Those phases o f  the re sp i ra to ry  cycle a f fec ted
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by res istance  show changes in the shape of  the pneumotachogram.
Both the height and the slope o f  the curve o f  the pneumotachogram 
are reduced, and the duration o f  the a f fec ted  part o f  the re sp i ra to ry  
cycle i s  increased. Changes may occur in the resp ira tory  rate  
(which may be reduced),  the t id a l  volume and the oxygen extraction  
(both o f  which may be increased ) .  The extent of  these changes i s  
dependent on the s ize  o f  the res is tance  encountered, but with moderate 
res istances  (up to about 7 cm water )  they produce l i t t l e  or no change 
in the to ta l  oxygen consumption of the sub ject .  Hence, from the 
standpoint o f  ind i rec t  calorimetry, such changes are o f  no g rea t  
s ign i f icance ,  but o f  course in experiments of a purely re sp i ra to ry  
nature they may be important. Silverman et a l . state that high resistance  
to resp ira tory  a i r  flow causes a reduction in the to ta l  oxygen consumption 
of the subject ,  and a consequent increase in the oxygen debt.
Except where the res istance  to a i r  flow i s  very high (above  
10-12 cm water )  the increase in the expenditure of energy by the 
resp iratory  musculature i s  small when compared with the expenditure of  
energy by the remainder of  the body. Unless the apparatus used to 
measure the pulmonary ven t i la t ion  i s  o f  completely unsuitable  design,  
and the rate  o f  pulmonary ven t i la t ion  very high the res istance  i s  
un l ike ly  to be la rge  enough to cause a measurable increase in the energy 
expenditure; th is  i s  p a r t i c u la r ly  so in experiments involving ind irec t
Fig .  20. Apparatus used to measure resistance to a i r  f low.
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calorimetry where very high ra tes  of  pulmonary vent i la t ion  
(80-100 l ./nin) w i l l  only be encountered at correspondingly high  
expenditures of energy (15-20 kcal/min).
As a guide to the acceptable upper working l im it  o f  
resp iratory  resistance we have taken the f igu res  of Silverman 
et a l . ,rPhysiological and sub ject ive  reactions indicate that
for heavy work.. .  res istance  exceeding 82 mm (water )  in sp ira to ry  
and 53 mm expiratory are not we l l  to le ra ted .  "These res istances  
are measured at a steady flow rate  of 85 1. per minute, which i s  
equivalent b) a pulmonary ven t i la t ion  of approximately 30 1. 
per minute.
The actual measurements o f  the res istance of the various  
pieces o f  respiratory equipment were made with the apparatus 
photographed in F i g . 20 and shown diagrammatically in F i g . 21.
The a i r  flow pattern in breathing i s  o f  p u l s a t i l e  nature, and the 
peak rate of flow is  some two -and -a -ha l f  to three times the 
recorded pulmonary ven t i la t ion .  In order that the measurements 
of resistance be made under conditions c lose ly  resembling those 
in actual use, a p u l s a t i l e  a i r  f low, simulating human breathing,  
i s  produced in the fusion described above inthe section on the 
ca l ib rat ion  of the Max—Planck respirometer. Such a system
creates cyclical  changes in the tota l  head pressure as 
measures by the p i to t  tube, and this o s c i l l a t io n  of  pressure  
precludes the use of  a water manometer as a pressure recording  
device. Instead, the p i to t  tube i s  connected to a rubber
I a r t  of graphic record of an actual  measurement, o f  
resistance to a i r  f low .  Upper trace, P^, tota l  head at  
out le t ;  lower trace,  F^, to ta l  head at  i n l e t  of component 
under t e s t .  Hesistance i s  proportional to A  • £ P  s 
1 "  X 2* :,ote the ca l ib ra t ion  l in e s  on the record.
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covered tambour. The excursions of  the diaphragm o f  the tambour 
are recorded on a smoked drun on an e l e c t r i c a l l y  driven kymograph. 
The use o f  th is  routine phys io log ica l  pressure recording technique 
fo r  pure ly  physical determinations s im p l i f ie s  what might otherwise  
be a problem o f  some technical d i f f i c u l t y .  In p ract ice  two 
p ito t  tubes are used; these are o f  ident ica l  construction and 
are mounted in 3 in .  lengths o f  1 in .  bore copper pipe.  These 
pipes are attached to the a i r  i n l e t  and out le t  o f  the component 
under t e s t .  One tambour i s  connected to each p i to t  tube, and 
the w r i t ing  levers  arranged to write  v e r t i c a l l y  above one another 
on the surface of the drum. Recordings are made simultaneously  
of the t o t a l  head o f  pressure at  the i n l e t  and ou t le t  sides of  
the component under tes t ,  at  various rates o f  simulated pulmonary 
ven t i la t ion .  As there i s  not an out let  pipe on the Lax-Planck  
res j irometer  the upper part  of  the meter was sealed into a 
sleeve o f  polythene f i lm ; the other end of th is  s leeve (see F i g . 20) 
was sealed on to the pipe containing the p i to t  tube used to measure 
the pressure a t  the out let  s ide o f  the meter. Before the drum 
i s  removed from the kymograph the graphic record i s  ca l ib ra ted .
This i s  done by disconnecting the tambours from the p i to t  tubes 
and connecting them to a water manometer. A ir  at various  
pressures i s  in jec ted  into the tambours and ca l ib ra t ion  l ines  
drawn on the drum. Part  o f  graphic record i s  shown in F i g . 22.
The re su l t s  o f  the measurements o f  the resistance to a i r  f low  
of some o f  the various pieces of equipment tested are shown in
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Fig .  23. The resistance to a i r  flow of some of  the apparatus
described.
- 51 -
F i g . 23. In th is  graph res istance  p )  i s  p lotted  against rate  
of  simulated pulmonary v en t i la t ion .  Curves are drawn for  a 
24 in .  length o f  1 in .  bore f l e x i b l e  breathing hose (Dunlop pattern,  
see above; th is  curve i s  l a b e l l e d  "Tubing" in the F i g . 2 3 ) ,  fo r  
a dry flow a i r  meter ( t  a t  manufactured by Parkinson and Cowan), 
fo r  a Max-Planck respirometer (the curve la b e l led  "K.M. No.9 " )  
and fo r  the exp iratory  side of  the two-way T-shaped valve supplied  
with the Max—Planck respirometer. Curves are a lso  drawn showing 
the to ta l  res istance  which would be o f fe red  to expiration by a 
subject  breathing out through a va lve ,  length o f  tubing and 
Max—Planck respirometer, or through valve ,  tubing and dry a i r  flow  
meter. The curves shown in F i g . 23 are typica l  o f  those obtained  
fo r  the various types o f  apparatus. There are va r ia t ions  between, 
say, one valve and another, but fo r  a l l  components except the 
Max—Planck respirometers these are small, although the d i f fe rences  
between one respirometer and another may be as la rge  as 1 cm 
water at  a l l  rates  o f  a i r  f low .  The values of  the res istances  
shorn in F i g . 23 are a l l  within the l im its  stated by Silverman 
et a l . ,  even i f  the pulmonary vent i la t ion  equivalent to a peak 
f low rate of  85 1 ./min were high as 40 1,/min, the res istance of  
the Max Planck-respirometer,  valve and tubing would be only 
approximately 20 mm water, compared with the f i gu re  o f  53 mm 
quoted as being the maximum expiratory  res istance  which i s  wel l  
to le ra ted .  At a pulmonary ven t i l ta ion  of  70 l./min the tota l  
res istance to expirat ion  of  the respirometer, va lve  and tubing  
i s  approximately 70 mm water.  The equivalent peak flow rate
sResistance of Pumps
Unmodified Respsrameters
JPn/e o f  Interrupted Floys I/nun
Fig .  24. The resistance of modified or unmodified Max Planck 
rcspirometers. The shaded portion on each graph represents the 
resistance o f fe red  to a i r  flow by the sampling pump. Note the considerable  
reduction in the res istance  of the modified pump, and the v a r i a b i l i t y  
of the resistance of the ’’bellows mechanism" of the d i f fe ren t  meters
( i * e .  areas under lower curves . )
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i s  probably in the order o f  150-200 l./min, and at  th is  rate of  
f low the maximum wel l  to lerated  res istance would be approximately 
100—120. nm water. Despite these apparently sa t is fa c to ry  values  
for the res istance  of  our equipment, i t  was f e l t  that there was 
l i t t l e  ground fo r  complacency: some subjects did find the res istance
unpleasant.  I t  seemed des irab le  to try  to reduce the res istance to 
a i r  flow o f  the Max—Planck respirometer and of  the two-way 
resp iatory  va lve .
Deta i ls  o f  the modifications made to the Lax-Planck respirometer  
are given in the sedtion dealing with that instrument (above pp.36-40 ) .  
The reduction in res istance  e f fected  by these modifications i s  qu ite  
considerable .  This i s  shown in  F i g . 24. Three graphs are shown 
in th is  f i g u r e :  the f i r s t  two r e f e r  to two unmodified
re3pirometers with mechanically operated sampling pumps driven from 
the bellows mechanism o f  the meter, while the th ird  graph re fe r s  
to a modified respirometer with an e l e c t r i c a l l y  powered sampling 
pump. In each graph two l in es  are drawn. In each case the lower 
l ine  i s  the cruve o f  the res istance  of  the bellows mechanism 
plotted  against  rate of  interrupted a i r  f low. (The equivalent  
steady flow rate  i s  more than double th is  '’ven t i la t ion  r a t e " . ) .
The upper l in e s  o f  these graphs are the curves o f  the overa l l  
resistance of  the respirometer when the pump i s  operating ( i . e . ,  
the resistance o f  both bellows mechanism and sampling pump.)
The shaded areas between the l in es  represent the res istances  due 
to the operation o f  the pump alone. I t  i s  obvious that the
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res istances  o f  the bellows mechanisms of  these three respirometers  
d i f f e r  considerably from one to another. Hence, to make a f a i r  
asiesment o f  the reduction o f  res istance  brought about by the 
modification to the respirometer one should regard the lower 
curves bounding the shaded areas o f  these graphs as being the 
base l in e s .  The res istance  o f  the pumps on the unmodified 
respirometers i s  between h a l f  and one centimeter o f  water at  a l l  
rates o f  f low; that of  the pump on the modified respirometer  
i s  in the order o f  one to two m il l imeters .  I f  th is  l a t t e r  
resistance were to be subst ituted  for  the res istances  due to the 
pumps on the unmodified respirometers i t  would have the e f f e c t  
of  lowering the to ta l  res is tance  by one th ird  to one h a l f .
The major factors  contributing to the resistance of  the 
resp ira tory  valves are the tension of the valve c losing springs,  
the st icking of  the mica discs onto the ir  seatings when wet, 
and the to rtuos ity  o f  the path which the a i r  passing through 
the valve must fo l low  (see  F i g . l l ) .  The spring tension i s  a t ,  
or very near to, the minimum which can be r e l i e d  upon to provide  
rapid c losing and e f f e c t iv e  sea l ing  of  the mica discs in the va lve ;  
i t  thus appeared that l i t t l e  or no reduction o f  resistance could be 
obtained by modification of  these springs.  As previously  mentioned 
(see page 33) the mica discs in th is  type of  valve seat onto an 
annular kni fe -edge .  In some o f  the valves supplied with the 
respirometers this  knife -edge  i s  b lunt:  th is  means that the area
Fig .  25. The "b u t t e r f ly "  valve -  an elegant design, but one which 
could not be made to operate successfu l ly .
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of  contact between the disc and i t s  seating i s  la rge r  than need 
be. In use, the valve becomes moist, and the f i lm  of  water on 
the blunt seating adheres, with considerable power, to the mica 
disc* This re su lts  in the necess ity  o f  a high pressure grad ient  
across the disc before i t  i s  l i f t e d  o f f  i t s  seat ing ,  i . e .  the 
resistance of  the valve i s  high. This defect  i s  e a s i ly  remedied 
by '’sharpening” the annular knife -edge seat ing ;  this  operation  
i s  best performed on a la the .  No modification o f  the T-shaped 
valve could reduce the number o f  bends around which a i r  has to 
flow on i t s  passage through the va lve ;  so i t  appeared that a 
completely new design was necessary i f  the res istance  o f  th is  
component was to be further reduced. S ta r t ing  from the bas is  o f  
the Y-shaped two-way valve described by Durnin (Durnin 1954), i t  
seemed that i t  might be poss ib le  to design and bu i ld  a valve  
through which the flow o f  a i r  could be in a nea r ly  s t ra igh t  l i n e .  
The valve f lap s  in the valve described by Durnin were of  
unsat is factory  design, in that, at  high rates  of  f low i t  was 
mechanically impossible fo r  them to open f a r  enough to provide  
an a ir -way the f u l l  diameter of  the tube. A model was made of  
a s ing le  one-way va lve ;  which would la t e r  be used as one o f  the 
arms of a two-way Y-shaped va lve .  The valve f l a p  in th is  model 
was s im ila r  to the th ro t t le  b u t te r f ly -v a lv e  o f  a motor car 
carburettor;  but d i f f e r ed  from the l a t t e r  va lve  in that the f l a p  
was made in two parts ,  hinged together across the diameter o f  the 
valve pipe ( F i g . 25).  These two h a l f - f l a p s  were held apart ,  by a
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l i g h t  spring, against  a "ke tt le -spout "  shaped seating screwed 
into the valve pipe.  This model was only pa r t ly  successfu l .
I t s  resistance was lower than that of the conventional valve at  
peak flow rates  o f  between 50 and 100 l./min, but below th is  i t s  
resistance was rather highbr than that o f  the conventional valve,  
and at  flow rates  above 100 l./min the valve f lap s  developed a 
v io len t  f lu t t e r in g ,  which made the valve v i r t u a l l y  unusable.  
Alternat ive  types o f  spring were t r ied ,  mainly o f  the "ha irp in "  
va r ie ty ,  but without s ign i f i c an t  improvement; the f lap s  were also  
moulded out o f  rubber la tex ,  as a s ing le  piece,  but th is  was not 
at a l l  succesfu l .  None the less  i t  was believed that th is  was 
a b a s ic a l ly  sound p r inc ip le  upon which to build  a va lve ,  i f  a 
su itab le  type o f  spring could be found. Several firms interested  
in resp ira tory  equipment were approached, among them Messrs.
Garthur, Air- l ied and Mines Safety Appliances. ( i t  was l a t e r  
learned that Messrs. Normalair Ltd. had previously  experimented 
with a valve o f  th is  type, but had no great  success, and had 
abandoned the p r o j e c t . ) .  At that time Messrs. Mines Safety  
Appliances Ltd. were interested  in the development o f  low-res istance  
resp ira tory  valves and agreed to try  to manufacture a valve along 
the l ines  suggested. Unfortunately, once again, th is  design,  
elegant on paper though i t  may appear, proved to be too d i f f i c u l t  
to trans la te  into a working model. Messrs. Mines Safety Appliances  
then started on the development o f  a new design o f  "Stra ight-through"
TUBE
M . S . A .  V A L V E
. Diagramatic cross section of a prototype low 
" res istance  va lve  being developed by Mines Safety
Appliances•
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va lve .  A prototype has been manufactured which appears to o f f e r  
hopeful p o s s i b i l i t i e s  fo r  the future ,  though in i t s  present form 
i t  i s  rather heavy. I t  consists  o f  a small streamlined plug  
mounted in the centre o f  a length of  1 in .  bore tubing ( F i g . 26).
An annular funnel-shaped membrane, moulded of rubber or polythene, 
i s  attached c ircumferent ia l ly  inside the tube; the f ree  inner 
edge o f  this  membrane i s  supported by the streamlined plug. When 
a i r  pressure i s  higher at  the broad end of  the plug than at the 
narrow end, the f ree  edge o f  the membrane is  l i f t e d  o f f  i t s  
seating on the plug, and a i r  can pass along the tube. V/hen a i r  
pressure i s  low at  the broad end o f  the plug the membrane i s  
forced down onto i t s  seating,  preventing the f low o f  a i r .  7/hether, 
in fac t ,  th is  pattern o f  valve w i l l  ever reach the le ve l  o f  commercial 
production remains to be seen. Even i f  i t  does, there i s  no 
guarantee that i t  w i l l  be su i tab le  fo r  f i e l d  studies involv ing  
ind irect  calorimetry, but i t  does appear to o f f e r  at  le a s t  some 
hope for  the fu ture .
5. MASKS
Requirements o f  a mask
I t  is  poss ib le  to use a mask in place o f  the nose c l i p  and 
rubber mouthpiece normally used with the Max-Planck respirometer.  
Provided i t  complies with the requirements deta i led  below, a mask 
would appear to o f f e r  certain advantages over the mouthpiece and 
nose c l i p .  I t  is  probably eas ier  for  an untrained subject to 
accustom himself  to a mask, as he i s  able  to breathe normally 
through his nose; such actions as coughing or swallowing are  
rather d i f f i c u l t  to perform when using a mouthpiece, but present  
no d i f f i c u l t y  when the subject wears a mask. Subjects who wesr 
dentures, or who have tender mouths, are often inconvenienced by 
the drag of  the hose to the respirometer on the ir  mouths and teeth.  
Occasionally,  too, a subject may find the nose c l ip  pa in fu l  or that  
i t  d isturbs h is  v is ion .  Sometimes i t  i s  d i f f i c u l t  to ensure that  
the nose c l ip  does not s l i p  o f f  the sub jec t ’ s nose, Against a l l  
this  a mask becomes unpleasantly warm to wear, p a r t i c u la r ly  during 
strenuous exerc ise ;  indeed, most experienced subjects p re fe r  the 
use o f  the mouthpiece to that o f  the mask. I f  a mask i s  used i t  
should have the fo l low ing  p ropert ies .
1. I t  must be completely free  from leakage during expirat ion ,
that i s ,  a l l  the expired a i r  must pass through the expiratory  
valve and so through the respirometer. This i s ,  o f  course, 
the reverse requirements o f  protective  ( g a s )  masks, in which 
an exp iratory  leak i s  o f  no importance, in fac t  many re ly  on
Fig .  ii7. The - type "  oronasal mask, inner and outer sides
(manufactured fo r  the Royal A i r  Force by Airmed Ltd.
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an expiratory  leak as the i r  only out le t ,
2. The *dea,d-space’ o f  the mask should be minimal to avoid  
any changes in the resp ira to ry  pattern, p a r t icu la r ly  carbon 
dioxide retention,  Forthis reason a small c l o s e - f i t t i n g  
oro-nanal mask i s  p re ferred  to one which encloses the whole 
face .
3. The harness by which the mask is  f i t t e d  to the subject should 
be e a s i ly  ad justab le  to su i t  various head sizes and shapes.
The harness should a lso  hold the lask f irm ly  in place,  
regard less  of  r.iovecients o f  the head and drag of  the hose to 
the respirometer.
4. The mask should be o f  such a design that i t  can f i t  a l l  shapes 
and s izes  of  faces .  A l te rna t ive ly  i t  should be a v a i l a b le
in severa l  s izes  and f i t t i n g s .
5. The mask should be made o f  a material that can be e a s i ly  
cleaned and s t e r i l i s e d ,
Masks designed fo r  a ircrew
A mask which has been found moderately su itab le  for  use 
i s  the "H—type" mask manufactured (by Airmed L td . ,  Harlow, L s sex . )  
fo r  the Uoval A i r  Force. This mask ( F i g . 27) complies with the • 
requirements deta i led  above, but a great deal o f  trouble must be 
taken in f i t t i n g  the mask i f  i t  i s  to be leak -proof  during 
expirat ion .  This mask has three insp iratory  valves (one over 
each cheek and a th ird  over the nose) which go part o f  the way 
towards reducing the problem o f  overheating of  the su b je c t ' s  face .
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A perspex va lve ,  of the type described fo r  use with the Max-Planck 
respirometer, i s  f i t t e d  into a short (J i n . )  tube in the facep iece .  
The expiratory side o f  th is  valve i s  jo ined to the hose to the 
respirometer as described above. This type of mask can be used 
for  laboratory studies,  but i t  i s  f e l t  that the care needed to 
ensure the absence of  expiratory leak obviates i t s  use in f i e l d  
studies ,  such as energy expenditure surveys. These masks are  
av a i l a b le  in three s izes ,  but even the smallest size i s  too la rge  
fo r  most female subjects .
A modified version of  the "H-type" mask has been developed by 
the manufacturers fo r  semi-pressurised breathing systems. This 
i s  known as the "J -typeM mask and incorporates a moulded foam 
rubber pad on the inside o f  the facepiece.  This pad i s  intended 
to g ive  a better seal on to the sub jec t ’ s face .  However, th is  
mask has to be unpleasantly t ight  to avoid leakage, and i t ,  too,  
i s  unsuited to women’ s faces .  We attempted to improve upon the 
H-and J -  type masks by f i t t i n g  an in f l a t a b l e  rubber tube around 
the ins ide edge of the facepiece,  in the hope that a good seal  would 
be obtained. In th is  we were unsuccesful . When the tube was 
i n f la t ed ,  i t  was found that the moulded rubber facepiece was so 
f l e x i b l e  that i t  l i f t e d  o f f  the sub jec t ’ s face ,  p a r t ic u la r ly  in 
the concavities between nose and cheeks.
To counteract this  i t  seemed des irab le  to f i t  a r i g id  cover 
or sh ie ld  over the outer surface of  the rubber facepiece.  The
- H A N D L E
Fig.
INTURNED
CUFF
STICK DOWN HERE TO 
MAKE TUBE
TUBE FOR VALVE -----
SECTION OF PLASTER-OF PARIS FORMER SECTION OF LATEX MOULD  
(AFTER TRIMMING)
M A S K .
28. Cross sectional d ig ram  of  p la s te r  former used 
in dipping latex  mask.
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complex shape of the H-type facepiece nsade th is  very d i f f i c u l t ,  
and in consequence i t  was decided to try  to make a completely 
new facepiece.
A "home-made" mask
A p la s te r  cast o f  the w r i t e r ' s  face was made with the 
assistance o f  the Dmital Prosthet ics  Department of  the Glasgow 
Dental Hosp ita l .  On th is  case a facepiece was made from dental 
modelling wax. Next, a p la s te r  mould was used to case a sh ie ld  
made of a c ry l i c  moulding compound, using the standard technique 
employed in the fas ioning of  a c ry l i c  p lates  for  dentures. The 
p las te r  mould was a lso  used as a former for  the la tex  dipping of  
the facepiece.  The latex  dipping was done using a material  
known as "GR-Revultex 10/2" (?. anufactured by Revertex L td . ,
51-55 Strand, London, W.C.2 . ) .  This i s  a usefu l  material fo r  
the manufacture o f  small items, o f  simple shape, from rubber 
la tex .  This type o f  latex dipping compound requires no coagulant 
other than the p l a s t e r - o f - p a r i s  former. The former i s  simply 
dipped into the la tex ,  c a re fu l ly  withdrawn, and the re su l t in g  
f i lm of  latex allowed to dry. The process of  dipping and drying  
is  repeated u n t i l  s u f f i c i e n t  thickness of  latex has been b u i l t  up 
on the p la s te r  former. Once the latex  i s  completely dry i t  i s  
stripped o f f  the former and, a f t e r  any necessary trimming, i s  ready 
for  use (see F i g . 28).  The facepiece which was made was designed 
to have an i n f l a t a b l e  tube around i t s  edge. I t  had been dipped so 
as tp produce an inturned cu f f ,  which merely required to be stuck
Fig .  29. The oronasal mask made in th is  laboratory .  Inner and 
outer s ides .  The inturned cu ff  can be seen around the 
edge o f  the inner s ide .
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down along i t s  border to make the in f l a t a b l e  tube around the 
facepiece ( F i g s ,28,29). Before the inturned cu f f  wqs stuck down 
to form an in f l a t a b l e  tube, however, tests  were made on the 
facepiece and i t s  ac ry l ic  sh ie ld .  I t  was found that the inturned  
cu f f  of the facepiece produced an excel lent  seal  on the su b jec t ' s  
face .  Unfortunately tlienmask proved to be a l i t t l e  too large  fo r  
the majority o f  faces,  and before a new p la s te r  former could be 
made we received a sample mask from Messrs. Mines Safety Appliances  
Ltd. (M .S .A . ) .
The re f lec ted  edge seal mask
This mask ( F i g s . 30,31) was very s im ilar  to the one made in 
our laboratory .  I t  consisted of a p la s t ic  sh ie ld  and a moulded 
rubber facepiece ,  with an inturned cu f f .  This cu f f  i s  known as 
a ’’r e f le c ted  edge s e a l " .  A small rubber s t r ip  i s  moulded across  
the inside o f  the facepiece,  jo in ing  the re f le c ted  edge seal  at  
each s ide .  This s t r ip  o f  rubber l i e s  between the s u b je c t ' s  upper 
l i p  and nose when the mask i s  f i t t e d ,  and ensures that the 
re f lec ted  edge seal i s  c lo se ly  applied to the face.  When correc t ly  
f i t t e d  th is  mask w i l l  withstand a maximal expiratory e f f o r t  
without permitting any leakage. Tiiis type o f  mask proved to be 
so sa t i s fa c to ry  that i t  was decided to discontinue our own e f f o r t s  
to produce one. The M.S.A. re f le c ted  edge seal mask i s  commercially 
ava i la b le  in the United States ,  where i t  i s  manufactures by parent  
company o f  the group. I t  i s  d i f f i c u l t  to obtain these masks in
the United Kingdom, but we are informed by the B r it ish  subs id ia ry
'  « ' v
F ig .  30# The al.S.A. oronasal face piece with re f lec ted  edge 
sea l ,  and p la s t ic  sh ie ld .
Fig .  31. The M.S.A mask complete*
com pany* that they hope to st  r t  production of  the mask in th is  
country in the near future.
Recently two other " re f le c ted  edge se a l "  masks have come 
into production. The f i r s t  o f  these is  the "Clora" mask and is  
manufactured by Auer, a German subsid iary  company of ftiine Safety  
Appliances.  The second of  these masks i s  the "Duoseal" which 
i s  made by Airmed L td . .  The "C lora"  mask i s  designed for  use in 
emergency oxygen rescue sets .  I t  i s  a technica l ly  beaut i fu l  
moulding in green rubber. The "Duoseal" , which i s  an anaesthetic  
mask and not such a good example of craftmanship, i s  made of black 
" a n t i - s t a t i c "  rubber. Eoth o f  these masks are in terest ing  in 
that they are attempts to combine the propert ies  of  the so f t ,  
f l e x i b l e  r e f le c ted  edge seal with r i g i d i t y  of  the p la s t ic  sh ie ld .
This combination i s  achieved in the "C lora"  and "Duoseal"  
masks by an increase in the thickness and s t i f fn e s s  of  the rubber 
o f  the central part  o f  the facepiece while preserving the f l e x i b l e  
inturned cu ff  around the edge. Neither of  these masks i s  as 
sa t i s fa c to ry  as the M.S.A. mask and shield  described above. The 
"C lora"  i s  not s u f f i c i e n t ly  s t i f f  although i t  provides an excel lent  
f i t  and i s  comfortable to wear. The "Duoseal" i s  a l i t t l e  too 
i n f l e x i b l e  and does not make a completely le ak - f ree  seal  at the 
sides o f  the nose of  a l l  sub jects .
*1. ine Safety Appliances Co. L td . ,  jueens l ie  Industr ia l  ^soate, 
Glasgow, L .2 .
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Before a mask car. be used in f i e l d  experiments of  the type 
described in this work we fee l  that i t  i s  essentia l  to have 
av a i la b le  e ither  the M.3.A. mask and shie ld  or another mask at  
l e a s t  as s a t i s fa c to ry .  To date we have been unable to obtain 
further  masks o f  th is  type from the manufacturers , but we are s t i l l  
trying to do so.
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6. GAS ANALYSIS
General
In the experiments described in this  thesis  i t  is  f requent ly  
necessary to analyse quan t i ta t ive ly  samples of expired a i r  fo r  
oxygen, carbon dioxide and nitrogen. (From a phys io log ica l  
point of  view "nitrogen" i s  taken to include th inert  gases argon, 
neon, e t c . ) .  The concentration o f  oxygen present in the gas 
mixture i s  usua l ly  o f  primary importance. Normally the concentrations  
of  oxygen and carbon dioxide are determined a n a ly t ic a l ly  while  
that o f  nitrogen i s  found by subtraction.
There are two poss ib le  basic approaches to the problem o f  
quantit ive  gas ana ly s is :  chemical and physica l .  At present
the volumetric chemical method i s  the one of  preference when a 
high degree of accuracy is  des ired ;  physical methods are ,  as yet ,  
not s u f f i c i e n t l y  developed to be usable  without frequent cross­
checking aga inst  chemical ones. Physical methods do o f f e r ,  
however, the p o s s i b i l i t y  of  speedy ana lys is  and freedom from the 
tedium normally associated with quantative chemical ana ly s is .
This i s  an important point when large  numbers o f  samples have to 
be analysed; in the pasu many invest igat ions  have been limited  by 
the bottleneck of chemical methods o f  gas ana lys is .
Chemical Methods
Two main methods o f  chemical gas analysis  are a v a i l a b le  to 
the phys io log is t  dealing with expired a i r  from human beings:  
that o f  Haldane (Kaldane 1898, Haldane & Graham 1935) and that  
of icholander (1947;.  Both these methods are volumetric in
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nature;  a treasured volume o f  the gas sample i s  exposed to an 
absorbent o f  carbon dioxide, and the reduction in volume noted;  
the remainder of  the sample i s  then exposed to a strong reducing  
agent which removes the oxygen and the further  reduction in  
volume i s  noted. Both methods provide means o f  ensuring that  
the volumes of  gas are recorded at the same pressure each time, 
and provide automatic compensation fo r  changes in ambient temperature 
and pressure during ana ly s is .  The procedures fo r  the actual  
ana lys is  are routine, and i t  i s  not proposed to describe  them 
here.  However, mention is  made in appendix ,!Bn, o f  the various  
solutions which have been used fo r  the absorption o f  oxygen in 
the Haldane apparatus in th is  laboratory over the past few years .
Chromous chloride i s  the solution of  preference in th is  
laboratory ,  but none is  unsat is factory ,  and the choice o f  oxygen 
absorbent probably remains a matter of  indiv idua l  preference  
amongst various workers. Personal preference, rather than in t r in s ic  
super io r i ty  i s  also the most probable c r i te r ion  in choosing between 
the Haldane and the Scholander apparatus for  the routine analys is  
o f  samples o f  expired a i r .  None the less  where extreme precision  
i s  required the Haldane apparatus with a c a re fu l ly  ca l ib rated  20 ml 
burette, in the hands o f  a sk i l l e d  operator, i s  probably the most 
accurate means o f  analysis  a v a i l a b le .  The Scholander micrometer 
analyser deals with very small (0 .5  ml) samples of  expired a i r ;  this  
may, or may not, be a des irab le  feature ,  depending on circumstances. 
Sometimes only very small volumes o f  sample are ava i lab le ,  but 
very small samples may lead to errors  in sampling. I t  i s  claimed
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by some labora to r ie s  that the Scholander apparatus can be used to 
make more, accurate analyses in a given time than can the Haldane. 
Despite th is ,  i t  i s  our experience that a h ighly  trained technician  
using the 10 ml Haldane apparatus can analyse as many samples in 
the course of  a working day as can his  or her counterpart using the 
Scholander micrometer apparatus.
Physical Methods
Physical methods o f  quantitat ive  gas ana lys is  are usua l ly  based 
on one or other of the fo l low ing  systems: mass spectrometry,
in f ra - r ed  spectronetry, paramagnetometry or thermal conductivity.  
These systems w i l l  be considered only with respect to the gases  
present in the expired a i r .
1. Mass spectrometry. This method i s  su itab le  for  any gas,  
and has in i t s  favour i t s  rap id i ty  of response to change in gas 
concentration, i . e .  i t  con be used to fo l low  the changes in gas  
concentration during a s ing le  exhalation. The disadvantages o f  
this method are i t s  very high i n i t i a l  cost and the lack o f  accuracy 
obtainable in apparatus ava i la b le  to date.
2 . In f ra - red  spectrometry. Both nitrogen and carbon dioxide  
show character is t ic  absorption spectra in the in f r a - r ed  wave 
lengths, and analysers  are ava i la b le  fo r  the quantitat ive  detection  
of these gases by means o f  the ir  spectra. In general ,  though,
the same instrument cannot be used fo r  the analys is  o f  both gases .  
The time of response of these instruments i s  short, and, at  le a s t  
for carbon dioxide,  a high degree of  accuracy i s  obtainable with 
careful c a l ib ra t ion  o f  the ar.alyser. The carbon dioxide analyser  
i s  commercially e a s i ly  av a i la b le  and a l le ged ly  r e l i a b l e ,  though
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Fig .  32. The Beckman model D2 paramagnetic oxygen analyser.
tiie f a s t  response instrument i s  expensive. Instruments o f  th i s  type 
are  in use in c l in i c a l  and research units  spec ia l is ing  in re sp i ra to ry  
s tud ies .  Oxygen has no in f r a - r e d  absorption spectrum, but i t  should, 
at  le a s t  th eo re t ic a l ly ,  be poss ib le  to bui ld  an oxygen analyser  
making use of an absorption band in the u l t r a - v i o l e t  wave lengths,  
though no such instrument has yet been made.
3. laramagnetoinetry. This method i s  su itab le  only fo r  the 
ana lys is  o f  oxygen. There are several  models o f  paramagnetic 
oxygen analysers commercially a v a i l a b le ,  and one of  these i s  claimed 
to be capable o f  fo l lowing  rapid changes in oxygen concentration,  
though i t s  response rate i s  not s u f f i c i ently rapid to enable i t  to 
fo l low  changes in oxygen concentration during a s ing le  exhalation.
4. Thermal conductivity. This method can be used fo r  the 
analys is  o f  oxygen and carbon dioxide.  The same instrument can 
be used to measure both gases, though i t  i s  not poss ib le  to fo l low  
instantaneous changes in gas composition.
We have had experience with two types of  instruments which 
analyse gas mixtures on the bas is  o f  the ir  physical propert ies ,  
v iz ,  a Beckman paramagnetic analyser and the Pulmo-analysor 
which i s  a thermal conductivity ana lyser .
The Beckman Paramagnetic Oxygen Analyser
T r ia ls  of a portab le  and r e l a t i v e l y  inexpensive (about £70) 
parama<metic oxygen analyser  have been made in this laboratory.
The instrument was the Beckman model D 2 oxygen ana lyser*  (see  
F ig .32).  The sca le  on the instrument i s  d i r e c t ly  graduated in
*Manufactured by Beckman Instruments L td . ,  Glenrothes, F i fe .
Scotland.
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percentage and p a r t ia l  pressure o f  oxygen. Two ranges o f  scales  
are  ava i la b le  0*rl00$ oxygen and 0-25$ oxygen. The l a t t e r  sca le ,  
which was on the analyser we tested, i s  graduated in 0.5$ d iv is ions  
and can be read to within 0.1$ oxygen.
By means o f  a hand operated a sp i ra to r  bulb a sample o f  the 
gas mixture to be analysed i s  drawn through a s i l i c a  ge l  drying  
tube into the ana lys is  c e l l  o f  the instrument. When a button 
on top o f  the analyser is  depressed the oxygen concentration can 
be read d i re c t ly  from ti e sca le  il luminated in the manner o f  a 
spot galvanometer. The analyser was ca l ib ra ted  against a Haldane 
apparatus in the fo l low ing  way. A rubber bladder was f i l l e d  with 
expired a i r .  A fter  pummelling the bladder to ensure thorough 
mixing of the contents some o f  the a i r  was t ransferred  to a g la ss  
sample tube and then analysed in duplicate by Haldands method.
The bladder was then connected to the in l e t  connection of  the 
Beckman analyser and again duplicate analyses were made. Samples 
of expired a i r  were used ranging from a lveo la r  a i r  to a i r  from 
the anatomical resp ira tory  "dead space” a f t e r  a period o f  
hyperventi lat ion.  Within the l im itat ions of  '’r e a d a b i l i t y ” of  
the scale the analyser was found to be completely accurate over 
this  entire  range (roughly 14$-20$ oxygen) i . e .  the d i f ferences  
between the analyses on the Haldane apparatus and the analyser  
never exceeded 0.05$ oxygen.
The essent ia l  features o f  the instrument are shown
-  68 -
Magnetic Pole Pieces Quartz Fibre
Hollow Glass Spheres
Scale
Mirror
D 2 O xygen Analyser Schematic V iew
F i g .33.
diagrammatically in F ig .33. A hollow g la s s  "dumbell" with  
magnetic su scep t ib i l i ty  i s  mounted ho r izonta l ly  on a taut  
ve r t ic a l  quartz f i b r e .  This dumbell can rotate  between two 
permanent magnetic poles,  tw ist ing  the quartz f i b r e  as i t  does 
so. Also mounted on the quartz f i b r e  i s  a small mirror which 
r e f l e c t s  a beam of  l i g h t  from a small e l e c t r i c  ( f l a s h l i g h t )  bulb  
onto the scale of  the instrument. The e le c t r ic  bulb i s  i l luminated  
only when the button on top o f  the analyser i s  pressed. When 
there is  no oxygen present in the analys is  c e l l  the magnetic forces  
o f  the dumbell and the torque o f  the quartz f i b r e  are so balanced  
that the beam of l i g h t  i s  focused on the l e f t  hand ( z e ro )  end of  
the sca le .  When oxygen i s  present in the c e l l  i t s  paramagnetic 
properties  ( i . e .  oxygen is  a ttracted  into a magnetic f i e l d )  cause 
a disturbance in the net magnetic forces in the c e l l ,  r e su l t in g  
in a new equilibrium pos it ion  of  the dumbell. In reaching i t s  
new equilibrium pos it ion  the degree of rotat ion o f  the dumbell 
(and consequently a l t e r a t io n  in the scale reading of the beam of  
l i g h t )  i s  proportional to the change in magnetic force acting upon 
i t .  The change in magnetic force is  a function of  the concentration  
of oxygen in the ana ly s is  c e l l .
The instrument is  battery  powered, but due to i t s  very low power 
requirements this  i s  no drawback, indeed, combined with i t s  
p o r tab i l i ty  ( i t  only weighs four pounds) the use of ba t te r ie s  
may be a d is t inct  advantage in some s i tua t ions .  The analyser  
appeared to be quite  robust and the suspension of the dumbell
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Fig. 34. The pulmo analyser ,  type 44A2
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i s  much improved from this point o f  view compared with some o f  the 
more expensive analysers manufactured by the same company. Apart  
from the inherent lack of  s e n s i t i v i t y  of  the analyser ( i . e .  the 
oxygen can only be measured to the f i r s t  decimal place o f  percentage 
concentration) the major disadvantage lay in the large  volume o f  
gas required to f lush -out  the ana lys is  c e l l  before successive  
readings of  the oxygen concentration o f  a sample o f  expired a i r  
became constant. The maker's instructions suggested that three  
or four "squeezes" o f  the a sp i ra to r  bulb were su f f i c ie n t ,  but we 
found that about twenty f i v e  "squeezes" were necessary. This i s  
a considerable  disadvantage as i t  frequently represents a l a rge r  
volume of  sample than i s  co l lected  by even the modified Max-Planck 
respirometer during a period o f  sampling la s t in g  ten or f i f t e e n  
minutes. This matter has been ra ised  with the manufacturers who, 
i t  i s  understood, are taking steps to r e c t i f y  i t .  Once th is  has 
been done th is  Beckman oxygen analyser w i l l  be a usefu l  tool in 
surveys of  the type described in th is  thes is .  In the ca lcu lat ion  
o f  metabolic ra te  there i s  only a small poss ib le  error  due to the 
in s e n s i t i v i t y  o f  the ana lyser .
The Puli .•'.0-Ana lvsor
This instrument i s  one o f  a ser ies  manufactured by a Dutch 
company, Messrs. Godart-I i jnhardt  L td . ,  o f  Utrecht (V isse r  1957).
The model used in th is  laboratory  ( F i g . 34) i s  known as type 44A2.
I t  can analyse a l l  concentrations of  oxygen, carbon dioxide and 
helium, though up to the present date we have used i t  only fo r  the
ana lys is  of oxygen and carbon dioxide in expired a i r .  The procedure 
i s  f a i r l y  simple and a complete ana ly s is ,  in duplicate,  o f  both 
oxygen and carbon dioxide can be performed in less  than four minutes.
The essentia l  feature of  the lulmo-analysor consists of  
four e l e c t r i c a l l y  heated filaments of platinum wire connected in 
the form of a wheatstone bridge c i r c u i t .  The bridge c i r c u i t  i s  
"balanced’' when the gas mixtures surrounding the fi laments on 
each side of  the bridge have the same thermal conductivity.
During an ana lys is  the unknown gas mixture i s  drawn over one side  
of  the bridge while a reference gas i s  drawn over the other s ide .
I f  the thermal conductivit ies  of these two gases are d iss im ila r  
the balance o f  the bridge c i r c u i t  w i l l  be disturbed due to the 
d i f f e r e n t i a l  cooling powers of the two gases causing unequal 
changes in the e le c t r ic a l  res istance of  the platinum fi laments.
The extent of the "imbalance" of  the bridge i s  a function of  the 
dif ference  in thermal conductivity. The degree o f  imbalance i s  
reg istered  on the bridge c i r c u i t  galvanometer. This galvanometer 
i s  graduated in one hundred d iv is ions ,  and the concentration of  the 
gas under test  in the unknown mixture i s  found fron a ca l ib ra t ion  
curve showing the re la t ionsh ip  between galvanometer reading* and 
gas concentration. When analysing for  oxygen in the unknown 
mixture carbon d iox ide - f ree  atmospheric a i r  i s  used as the 
reference gas; when analysing for  car on dioxide,  a carbon d iox ide -  
f ree  sample of  the unknown gas i s  used for  the reference gas.
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This system of comparison of thermal conductivities is only
j u s t i f i e d  i f  the analyser i s  ca l ib ra ted  with gas mixtures o f  the 
same type as those encountered in actual ana ly s is .
Ca l ib rat ion  and Accuracy
The manufacturers o f  the Pulrao-Analysor claim that a 
ca re fu l ly  ca l ib rated  and correct ly  used instrument i s  as accurate  
as the Kaldane apparatus.  A ca l ib ra t ion  graph and c e r t i f i c a t e  
i s  supplied with the Pulmo-Anelysor but these only r e f e r  to 
concentrations o f  oxygen above that occuring in atmospheric 
a i r ;  the apparatus i s  pr imari ly  designed for  use in closed  
c i rcu i t  oxygen systems, although i t  i s  said to be equally  su itab le  
for the ana lys is  o f  oxygen at  concentrations below 20.9355. As a 
general rule  i t  i s  inadvisab le  to accept u n c r i t i c a l l y  manufacturers* 
ca l ib ra t ions ,  and in th is  p a r t icu la r  case i t  was essent ia l  to c a l ib ra te  
the Pul; 10-Analysor over the range of  gas concentrations occuring 
in expired a i r  o f  human beings in sp ir ing  atmospheric a i r .
Hie ca l ib ra t ion  was carr ied  out in the same way as that 
described above for  the Beckman paramagnetic oxygen analyser,  
i . e .  expired a i r  from a rubber bladder was analysed in duplicate  
on both the Haldane apparatus and on the Pulmo-Analysor. Our 
i n i t i a l  ca l ib ra t ion  was very disappointing. This we f e l t  was 
part ly  due to the absence of  an i n t e l l i g i b l e  set o f  instructions  
for the use of  the instrument. The only instructions which were 
o r ig in a l lv  a v a i la b le  in English had been t ranslated  from a French- v
translat ion  o f  the o r ig in a l  Dutch vers ion.  Numerous errors  had 
been introduced in these t rans la t ions ,  to such an extent that the
-  72 -
English version was frequently  completely "G ibber ish” * Eventually  
a more sa t i s fa c to ry  English form was obtained, and from these i t  was 
apparent that the Fulmo-Analysor was temperature sens i t ive .  In 
our o r ig ina l  ca l ib ra t ion  we had made no attempt to control ,  or  
to compensate fo r  changes in ambient temperature, and in our 
laboratory ,  which has an extensive " l a s s  roo f ,  the changes in 
temperature throughout the day can be both la rge  and rapid .
The next se r ie s  of  ca l ib ra t ions  were made under conditions in 
which attempts were made to control temperature. I n i t i a l l y  
e le c t r ic  heaters and draught screens were used. Next the analyser  
was enclosed in a "perspex” cabinet which was heated by a hot a i r  
c i rcu la t ing  system contro l led  by a "Simmerstat" energy regu la to r .  
A fte r  this  a heat exchanger was arranged so that the gas entering  
the analyser was brought to constant temperature. The heat 
exchanger consisted of  copper tubing immersed in a constant 
temperature water bath. The sample o f  a i r  being analysed was 
drawn through the copper tubing before entering the Pulmo—Analysor . 
F ina l ly  the actual ana lys is  " C e l l ” was i t s e l f  immersed in a bath 
of water maintained in constant temperature. I t  became obvious 
that none of  these so lut ions would be wholly s a t is fac to ry  unless  
we were prepared to spend a la rge  amount o f  time and money in the 
construction of  a sophisticated control system, and were prepared  
to accept a marked increase in the "dead space" o f  the analyser.
This l a t t e r  point i s  o f  importance in that i t  would necess itate  
an increased volume o f  sample o f  gas being ava i lab le  for  ana ly s is ,
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which may not always be poss ib le  to obtain and would a lso  increase  
the time required to perform each ana ly s is .  These attempts had 
revealed two other important points .  F i r s t l y ,  that the Pulmo- 
Analysor was considerably more accurate when analysing carbon 
dioxide than oxygen, and secondly, that when analysing fo r  oxygen 
i t  was essent ia l  to equate the pressure at  which the atmospheric 
reference gas was sup l i e d ,  with that o f  the unknown gas mixture.
The tes t  gas mixture i s  supplied to the Pulmo-Analysor from 
a rubber bladder and i t  was found necessary to use a second 
bladder to supply the atmospheric reference gas .  This bladder  
which i s  o f  s im ilar  physical propert ies  to that containing the 
sample o f  unknown expired a i r ,  i s  in f la ted  with atmospheric a i r  
by an asp ira to r  bulb unt i l  i t  contains a s im ilar  volume o f  gas 
(and hence i s  at  a s im ilar  pressure )  to that in the bladder o f  
test  gas.
In view o f  the comparative f a i l u r e  of  our attempts to control  
temperature i t  was decided to try  to compensate fo r  i t  when 
constructing the ca l ib ra t ion  graphs o f  the Pulmo-Analysor. The
manufacturers1 instructions state "____ one has to understand that
the s e n s i t i v i t y  of  the Pulmo-Analysor fo r  oxygen is  increasing  
with Vfo per grade, wh i ls t  the s e n s i t iv i t y  for  carbon dioxide  
0.5ft per grade decreases” , ( s i c . ) .  Examples are then given which
show that i f  a concentration of oxygen of  10.0fo g ives  r i s e  to a 
f u l l  scale de f lect ion  of  the pointer o f  the galvanometer at  a 
temperature of  20°C, a s im ilar  de f lect ion  would be obtained from
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10.I/o oxygen at 19°C and from 9.9^ oxygen at 21°C. In the case o f  
carbon dioxide, i f  a concentration of  2.00fo carbon dioxide g ives  
r i s e  to a f u l l  scale def lect ion  on the galvanometer at  20°C, 1.99^ 
carbon dioxide at  19°C, and 2.01/& carbon dioxide at  21°C, w i l l  
produce s im ilar  de f lect ions  on the galvanometer sca le .  These 
quoted values fo r  the temperature re la ted  changes in s e n s i t iv i t y ,  
are apparently only approximate (V is se r ,  1957) and should only be 
applied  to analyses made within 5°C of  the temperature at  which the 
Pulmo-Analysor was ca l ib ra ted .  The changes in s en s i t iv i t y  can be 
summarised in the form o f  two genera l ised  equations.
For oxygen t
0, ■ 0, , -  ( t . a n - t . c a l )  0.01 X 0, , , . \t .an t . c a l  v '  t . c a l   (1 )
and, for  carbon dioxide:
C, -  C. , + ( t . a n - t . c a l )  0.005 X C. . .( 2 )t .an t . c a l  x '  t . c a l
0 : percentage oxygen concentration.
C : percentage carbon dioxide concentration,
t .an : temperature ( °C )  at which analysis  i s  made,
t . c a l  : temperature ( °C )  at which ca l ib ra t ion  was made.
To construct the c a l ib ra t ion  graphs (one each fo r  oxygen and 
carbon d iox ide )  galvanometer de f lect ions  were p lotted  against gas 
concentration. The l ines  representing the functional re la t ionsh ips  
of the points o f  each graph wore then drawn.
Unfortunately the p lotted points did not a l l  f a l l  exactly  on
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the l ine  o f  the functional re la t ionsh ip .  The departure o f  these 
points from the l ine  i s  a measure of  the accuracy (o r ,  more s t r i c t l y ,  
the inaccuracy) o f  the Pulmo-Analyser. In the case of  carbon 
dioxide i t  was found that a l l  the p lotted  points lay within -  0,05fo 
concentration from the ca l ib ra t ion  l in e .  The overa l l  mean departure  
of the points was i  0.03^ carbon dioxide;  the standard deviation of  
th is  mean was 0.02/S carbon dioxide. There was no apparent 
re la t ionsh ip  between the degree o f  inaccuracy and the carbon dioxide  
concentration. Over a range of  carbon dioxide concentrations 
from 2.0/& to 5.5?S the Pulmo-Analysor was accurate to within ^ 0.05/S 
concentration. '/hen analysing fo r  oxygen, however, the instrument 
was not so accurate. The overa l l  mean departure o f  the p lotted  
points from the oxygen ca l ib ra t ion  l ine  was — 0.13f oxygen, the 
standard deviation being O.l lje; as in the case o f  carbon dioxide  
t le re  appeared to be no re la t ionsh ip  between the degree o f  accuracy  
of the Iulmo-Analysor and the concentration o f  gas being analysed.  
Over the c a l ib ra t ion  range o f  from 13.5/0 to 19.5/S oxygen the 
accuracy o f  the analyser was better  than — 0.24/& concentration in 
two th irds  o f  a l l  the individual analyses.
T h i 3  represents an undesirably  large  poss ib le  e rror  and in 
no way supports the manufacturer^  claims for  the accuracy of  the 
instrument. Over a period of  about one year the ca l ib ra t ion  was 
repeated on several  occasions,  each time with s im ilar  r e su l t s .  The 
accuracy .hen analysing carbon dioxide continued to be qu ite  good 
and the slope of  the c a l ib ra t ion  l ine  remained constant. In the
-  76 -
case o f  oxygen the accuracy f luctuated a l i t t l e ,  with the mean 
departure o f  ohe individual points from the l ine  varying from
+ rt* +-  0.08a> to -  0.1 G/o concentration of  oxygen. viien the ir  standard 
deviat ions are added to these mean values the accuracy ( in  two- 
th irds  o f  indiv idua l  ana ly s is )  varied from not worse than -  0.14^
+ rtfto not worse than -  0.30,® oxygen. The slope of the ca l ib ra t ion  
l ine  fo r  oxygen tended to "wander11 somehwat in the subsequent 
ca l ib ra t io n s .  n.oro recently two further ca l ib ra t ions  have been 
made and the accuracy o f  the ana lys is  o f  oxygen appears to have 
deter iorated ,  being now in the order of  up to -  0.50^ concentration  
of oxygen in two-thirds of  indiv idual analyses.
This obviously  i s  completely unsat is factory ,  the more so 
when the Pulmo-Anal^sor, which cost over £400, i s  compared with  
the Beckman paramagnetic analyser which costs only £70. We are  
at present try ing  to persuade the manufacturers e ither  to replace  
our instrument with one which i s  more r e l i a b l e  or to refund the 
cost of  the ana lyser .
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I t  i s  not normally p ract icab le  to employ the technique o f  
in d i rec t  calorimetry to measure the expenditure o f  energy o f  human 
beings throughout the entire  24 hours of the day. Sucli a 
procedure would c a l l  fo r  more co-operation than the subject usua l ly  
i s  prepared to give and would undoubtedly cause digressions from 
the normal pattern of da i ly  a c t i v i t i e s .  Furthermore, i t  would 
impose a considerable s t ra in  on the resources of  both the experimenter 
and h is  laboratory ,  thus reducing the number of  subjects  that could 
be dea lt  with .  In our experiments the estimates of tota l  energy 
expenditure throughout each day over a period o f  seven days were 
made using a combination of  actual measurement o f  energy expenditure  
and a record o f  the time spent on each form of a c t i v i t y .  The 
separate a c t i v i t i e s  o f  each subject can be ascribed a " c a l o r i e -  
cost per minute", from the measurements made with the Max-Planck 
respirometer, and, knowing the number of  minutes per day spent on 
each a c t iv i t y ,  the de r iv ia t ion  of  the tota l  d a i ly  expenditure of  
energy i s  made by the addition o f  a ser ies  o f  simple m u lt ip l ica t ions .
The record o f  the time spent of  each a c t iv i ty  i s  kept in a 
minute-by-minute "d iary  " .  The use o f  th is  method o f  recording  
was f i r s t  described by Garry et a l . (1955), and the accuracy of  
this  method o f  estimating energy expenditure lias been evaluated  
by Rankin, Koniski,  In su l l  & Marcinek (1956). These authors  
compared estimates o f  the expenditure energy obtained simultaneously  
by ( a )  continuousindirect calorimetry (using the same apparatus as
7. THE MEASUREMENT OF TOTAL D U L Y  ENERGY EXPENDITURE
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that described in th is  t h e s i s ) ,  and ( b )  a combination o f  ind i rec t  
calorimetry and time and motion study as described above. This 
method i s  described by Rankin et a l . as the " f a c t o r i a l ” or "time— 
motion, work element energy cost" technique.
The " d i a r i e s "  used in our experiments consist  o f  s t r ip s  of  
paper, about twenty-six inches long by four and one h a l f  inches wide,  
folded concertina-wise.  Five blocks,  each composed o f  one hundred 
and twenty small squares, are printed on each side of  th is  s t r ip  
o f  paper. Each block occupies one "page" o f  the concertina, and 
represents two hours a c t i v i t y  (one minute per square o f  the b lock ) .  
Space i s  provided at  the foot  o f  each page for  notes, and one complete 
page i s  a v a i l a b le  fo r  further  notes on the back page o f  the d ia ry .
The main purpose of these blank spaces i s  fo r  an indication of  
the meaning o f  the code l e t t e r  used in compiling the d iary  e .g .
"S " :  s i t t in g  " S t . " :  standing "W": walking, etc. The f ron t  page 
of the d iary  i s  used to record the sub ject*s  name, height and 
weight and the date.
I t  has been found that the period 6 a.m. to 2 a.m. covers 
the requirements o f  the great  majority of sub jects .  When dealing  
with subjects who h ab itua l ly  go to bed a f t e r  midnight i t  i s  
convenient to consider the ir  "days" as la s t in g  from 2 a.m. u n t i l  
2 a.m., rather than from midnight unt i l  midnight. Fart  o f  a completed 
diary is^iown in F i g . 35, and an entire  unused diary in F i g . 36
The entr ies  in the d ia r ie s  were genera l ly  made by the sub jects  
themselves, and these were c a re fu l ly  scrutin ised  by the
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experimenters, a t  leas t  once, and frequently  twice da i ly .  In the 
cases of some o f  the young women i t  was found better  that the 
compilation o f  the d ia r ie s  was made by an observer during the sub jec t 's  
working hours. This was p a r t ic u la r ly  so fo r  the women working in 
the busier  departments of  the store .  On one occasion i t  was
necessary fo r  the w r i te r  to spend a somewhat embarassing evening 
at  a well-known Glasgow dance h a l l ,  watching one o f  the youngest 
of  the young women and recording her every a c t i v i t y  in her d iary  I
The number of  the various categories o f  a c t i v i t y  recorded in 
the diary  are ,  o f  necessity,  l imited i f  the keeping o f  the d iary  is  
not to become too g reat  a burden on the sub ject .  For example, 
time spent in bed i s  simply recorded as "bed" with no attempt to 
assess separately that m r t  of  i t  spent s leeping ;  such items as 
washing, dressing,  etc.  are grouped together under the heading 
of  "personal n ece s s i t ie s " .  We do not normally expect the subjects  
to describe the ir  time spent s i t t in g  as anything more than ju s t  
" s i t t i n g " ,  as opposed to " s i t t in g  reading" or " s i t t in g  sewing".
Standing i s  usua l ly  subdivided into "standing" and "standing working"  
( o r  poss ib ly  simply "working" i f  a l l  the work i s  o f  a s im ila r  
natu re ) .  Walking i s  d i f fe ren t ia ted  from " f a s t  walk ing".  To a 
la rge  extent we encourage the subjects to devise the ir  own 
c la s s i f i c a t i o n  of  a c t i v i t i e s  rather than attempting to impose a 
r i g id  system upon them.
One poss ib le  source o f  error in records of  this  type could 
l i e  in a c t i v i t i e s  whose duration is  le ss  than one minute: the
reso lution  of  the recording system is  i n s u f f i c i e n t ly  f ine  to
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’’detect" such a c t i v i t i e s .  For instance, a woman may be spending 
an evening s i t t in g  reading, and may leave her chair fo r  a few 
seconds to switch on the l i g h t  or to co l le c t  another book. I f  
those actions do not l a s t  at l e a s t  one minute on any one occasion 
the subject has no means of  recording then. The error  from this  
source i s ,  however, un l ike ly  to be o f  appreciable  magnitude unless  
a c t i v i t i e s  such as these are of  frequent occurance.
The keeping o f  a simple diary of  th is  type i s  u sua l ly  a 
f a i r l y  stra ightforward  matter for  the sub ject :  a f t e r  the f i r s t
day or two the making o f  entries  in the d iary  becomes automatic, 
and, a t  le a s t  in the majority of  cases we have every reason to be l ieve  
that the d iary  represents a f a i t h fu l  record o f  time spent in the 
various a c t i v i t i e s .
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8. DIETARY SURVEY 
In these experiments the to ta l  food int.ike o f  the subjects  
was a lso  measured over the period o f  seven days. The actual  
measurements were carried out with the assistance o f  trained and 
student d ie t ic ians  from the Glasgow and West of  Scotland College  
of  Domestic Science.
The surveys were made by the " Indiv idual  Inventory" method 
(Widdowson 1936; Widdowson & McCance 1936). This involves the 
weighing and recording o f  each item o f  food eaten, at the time 
of ea t ing . A f te r  each meal any uneaten portions of  food ( i . e .
"p la te  wastage" )  are s im i la r ly  noted. The weighing was normally  
done by the subject-s themselves. The subjects were v i s i t ed  in 
the ir  homes, at leas t  once each day, by the d ie t ic ians  who scrutin ised  
the records, c l a r i f i e d  any points of doubt and obtained the recipes  
of dishes such a , soups, stew and puddi lgs not l i s t e d  in the food 
tab les .  The subject a lso  weighed and recorded any food eaten 
away from home. As f a r  as poss ib le ,  without disturbing the ir  normal 
pattern of eat ing,  the subjects were encouraged to r e s t r i c t  any 
such addit iona l  items o f  food ( e . g .  confectionary) to standard, 
packaged forms, so that duplicate samples could be purchased and 
weighed by the d ie t ic ian s .  Tart ic ipat ion  in a d ietery  survey of
I
this type imposes no great  burden on subjects of  reasonable  
in te l l i g en ce ;  indeed, a la rge  proportion of  the subjects were very 
interested in the i r  records of  food consumption. A l l  were 
co-operative and, as fa r  as could be judged, a l l  were conscientious
-  82 -
in the accurate weighing and recording of  the food they ate.  We 
have every reason to be l ieve  that the records were of  a high order  
of accuracy, and that, in genera l ,  they presented a true picture  of  
the eating pattern of  the sub ject .  I t  i s  d i f f i c u l t  to be dogmatic 
about this  l a s t  point in that there is  a p o s s i b i l i t y  that some of  
the subjects may have a l te red  the ir  eating habits  because of  the 
survey. I t  was however continually  emphasised to a l l  subjects  
that i t  wa3 of  the utmost importance that they did not change their  
normal pattern o f  eating, e ither  to s impli fy  the recording or in 
an attempt to impress the d ie t ic ians  with " sen s ib le "  or lavish  
feeding.  While considerable re l iance  may be placed upon the 
accuracy o f  the records of  the weights o f  the various items of  
food eaten by the subjects ,  i t  i s  not poss ib le  to be so confident  
about the food tab les  from which the ca lo r ic  and nutr ient  intakes  
are computed. I t  i s  extremely d i f f i c u l t ,  i f  not impossible, to 
evaluate the accuracy of  food tab les  with respect to the d ie t  o f  any 
par t icu la r  indiv idual  without actual chemical ana ly s is .  In 
the majority of cases i t  i s  impossible to carry out such ana ly s is :  
the labour involved would be immense. At the best,  food tab les  
can only provide an average f igu re  for  the composition o f  each 
foods tu f f .  Even with the most carefu l  recording o f  the various  
items eaten during the course of  one week, there are frequently  
items which cannot be f i t t e d  with any certa inty to the l i s t  of  
foods found in the tab le s .  The tab les  take but l i t t l e  account 
of  poss ib le  seasonal and regional va r ia t ions  in the composition 
of  the foods. Further, because of  the amount of  work necessary
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for  the production of  a set o f  food tab les ,  these are frequently  
out of  date, p a r t ic u la r ly  where processed or manufactured 
foodstu f fs  such as bread, cakes, e tc . ,  are concerned. The actual  
tab les  used fo r  the calcu lat ion of ca lor ic  and nutrient intakes  
were those sup l i e d  the Ministry  o f  Tood ( l 9 5 l ) ;  certain amendments 
have been incorporated into these tab les  to al low fo r  the changes 
that have taken place in the composition of  wheat f lou r  since the 
tab les  were published. These tab les  are based mainly on those 
of McCance & Widdowson (1946).
Apart from drawing attention to the potent ia l  inaccuracies  
inherent in the use of  food tab les ,  i t  i s  f e l t  that th is  i s  not 
the place for  a deta i led  discussion o f  these inaccuracies .
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9. SELECTION OF SUBJECTS 
The subjects were a l l  volunteers,  although the i n i t i a l  
approaches to them,with a view to securing the ir  co-operation,  
varied .  In the case of young women the i n i t i a l  contact was 
through the ir  place of  work. The middle-aged women were 
contacted in d i rec t ly  through the ir  daughters, and the e lde r ly  
women through the ir  physicians.
with the approval of the management of the departmental store  
(Pett igrew & Stephens, L t d . )  in which a l l  the young women were 
employed a copy o f  the notice given in appendix C - l  was shown 
to each employee in the selected arre group (below 30 y ea r s ) .
Those women who expressed in te res t  in the pro ject  were then 
ind iv idua l ly  interviewed and d e ta i l s  were given o f  the exact 
nature o f  the invest igat ion ,  and of  what i t  involved from the 
sub jec t ’ s point of  view, were given. Those young women who thought 
that the ir  mothers might be w i l l i n g  to co-operate arranged a 
convenient tine fo r  a member o f  the research team to v i s i t  the ir  
homes. Eventually 12 mothers and the ir  daughters agreed to take 
part in the survey. The range of  ages of  mothers was from 45 to 
60 years .  In a l l  cases, except that o f  Mrs. Stevenson, there were 
no young children in t ie  family. S o c ia l ly  a l l  the subjects would 
probably be considered to belong to the upper working and lower 
middle c la s ses .  In the wav of  labour-saving devices a l l  fam il ies  
except one had vacuum cleaners,  three had washing machines (though 
only one o f  these had a power wringer )  and in one case the mother
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Fig .  37. Selection of e ld e r ly  sub jects .
had the ass istance of a charwoman for  a few hours per week.
The e lde r ly  subjects studied were a random sample of  women 
in the age range 60-69 years, who were l i v in g  alone, in the town 
of  Pa is ley *  I n i t i a l l y ,  a random sample of the names of women aged 
60-69 years were taken from the records of  the National Health 
.Service Local Executive Council of  P a is ley ,  These names were 
then re fe r red  to the town's e lec to ra l  r e g i s t e r  to al low se lect ion  
o f  those women who appeared to be l i v in g  alone. These procedures 
were made poss ib le  through the co-operation o f  the loca l  government 
o f f i c i a l s  concerned, A l e t t e r  was then sent to the loca l  general  
medical p rac t i t ioners  whose patients  included the women se lected ,  
suggesting that they should ask the e lde r ly  women to pa rt ic ipa te  
in the survey. A note was then given to each woman by her general  
prac t i t ion e r .  Copies of  our l e t t e r  to the p rac t i t ioners  and o f  the 
note to the wonen are given in appendix C-2 & 3.
At a l l  stages of  the se lect ion care was taken to explain that  
the women were under no form o f  duress and that the ir  pa r t ic ipa t ion  
in the survey was on a purely voluntary bas is .  160 names were 
o r i g in a l l y  obtained from the National Health Service records;  
this number was eventually reduced to 10 subjects who took part  
in the survey, although measurements of  energy expenditure could 
only be obtained from 8 of  these women (the remaining two subjects  
completed only the food intake part  o f  the in v e s t i g a t io n . ) .
Figure 37 shows how the 160 ori  ina l  names were reduced to 10 
subjects ,  Like the young women and their  mothers, the e ld e r ly
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subject would a l l  be considered to belong to the working and 
lower middle c lasses .
The ind iv idua l  and mean ages, heights and weights of the three  
groups o f  subjects are given in tab les  4 ,a ,b ,  & c. The standard  
deviations o f  these parameters are a lso  shown in these tab le s .
TABLE 4a 
YOUNG WOMTN
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..
Age : y rs . Height : cm '.'eight : kg
Jean Barrie 20 163 52.0
Margaret Chr is t ie 25 154 53.0
Elma Drummond 16 164 63.5
Margaret Duff 20 168 51.5
Muriel Duncan 26 168 56.5
Shei la  Galston 17 169 55.5
Nada Hamilton 23 175 73.0
Evdlyn Jack 159 53.5
Nan McQuarter 20 168 70.0
Neta Simpson 27 165 54.5
Pd ta Stevenson 17 152 46.0
Janette Whiteside 17 154 52.0
Mean 20.4 163 56.7
Standard Deviation 3.7 6.6 7.7
-  8 8  -
TABLE 4b 
MIDDLE-AGED WOMEN
1
Age; y rs . Height : cm Weight : kg
Mrs. Barrie 58 160 67.0
" Chr ist ie 52 159 65.0
M Drummond 61 167 65.5
" Duff 51 160 69.5
" Dim can 51 161 60.0
M Galston 46 161 58.5
" Hamilton 53 161 60.0
M Jack 45 160 65.5
" Mc&uarter 53 152 73.0
M Simpson 51 162 64.5
M Stevenson 50 151 73.5
M Whiteside 45 156 49.0
Mean 51.3 159 64.3
Standard Deviation 4.6 4.2 6.5
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TABLE 4c 
ELDERLY WOMEN
)
Ap e  : y r s . Height : cm Weight : kg
Mrs. Brown ( l ) 68 148.5 66.25
M Burt 65 151.0 71.5
" Frame 66 151.0 50.75
Miss Hampsey ( 2 ) 60 161.5 53.5
M f.hiir 64 161.5 70.75
" Muir 66 159.0 50.75
Mrs. Skinner (3 ) 66 159.0 75.25
M Smi th 68 151.0 41.75
Miss Spiers  ( l ) 64 151.0 66.75
11 Wilson 63 161.5 60.25
Mean 65.0 155.3 60.4
Standard Deviation  
1 ___________ _  ..
2.3 5.2 10.1
(1 )  Only food intake measured
(2 )  Asthmati c
(3 )  A r th r i t i c
( 4 ) Heart Trouble
N.B. Miss A. Muir and Miss J. Muir were unrelated.
TIIE ENERGY EXPENDITURE BY WOMEN
PART II
AT DIFFERENT AGES
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PART II - THE ENERGY EXPENDITURE BY WOMEN AT DIFFERENT
AGES
1. A REVIEW OF THE LITERATURE ON THE ENERGY 
REQUIRE? ENTS CF WOMEN
— ■dQfa— r n ^ r n ^ m — —  i ■ ■ m
The report  of the Second Comuiittee on Ca lor ic  Requirements of  
the Food and Agr icu lture  Organisation o f  the United Nations (1957),  
in the chapter en t it led  "Further Research", states b lunt ly :
"Ageing and Ca lor ie  Requirements.
Present knowledge of  the influence of  ageing on the quantity  
o f  food eaten and energy expenditure i s  de f ic ien t  and further  
invest igat ions  are n eeded . . . "  The only thoroughly s a t i s fa c to ry  
type of invest igat ion  of  th is  problem i s  the combined survey o f  
food intake and energy expenditure conducted on various age groups 
o f  the population involved. Surveys o f  food intake only may 
su f f i c e  fo r  populations to whom food is  abundantly ava i la b le  and 
whose members show no evidence o f  changes in body weight.
The technique o f  the combined survey o f  food intake and energy 
expenditure i s  now well  documented in the s c i e n t i f i c  l i t e r a tu r e  
( e . g .  Passmore, Thomson & Warnock 1952; Garry, Passmore,
Tarnock & Durnin, 1955; Edholm, Fletcher, Widdowson & McCance, 1955). 
The surveys a l l  date from a f t e r  the introduction of  the Max-Planck 
respirometer. This instrument, or somethin©; comparable, ( e . g .  the 
in tegrat ing  motor pneumotachograph (W o l f f ,  1958)) i s  a more or less  
essentia l  piece of equipment fo r  the measurement of  energy
expenditure under f i e l d  conditions. These surveys have a l l  been 
carr ied  out on male subjects ,  mostly of  the younger age groups.  
There i s  very l i t t l e  factual  information a va i la b le  on the ca lo r ie  
requirements of  normal, healthy women. A la rge  proportion of  the 
av a i l a b le  information i s  in the form o f  data on food intake; th is  
data has often been obtained by techniques whose v a l id i t y  i s  at  
l e a s t  quest ionable .  Even i f  these f igu re s  fo r  food intake had 
always been obtained with the use of  a sa t is facto ry  technique 
( i . e .  by the indiv idual  inventory method) the ir  s u i t a b i l i t y  as a 
measure o f  energy requirement should not be accepted u n c r i t i c a l l y  
in that i t  i s  poss ib le  that energy intake may be less  than, or 
exceed, energy expenditure. Provided that an in d iv id u a l ' s  body 
weight i s  not abnormally high or low energy expenditure i s  a 
better  measure of  energy requirement than i s  energy intake.
Id e a l ly  measurements should be made o f  both the intake and 
expenditure o f  energy, and, i f  these measurements agree we can say 
that f igu re  represents the actual energy requirement.
Jmedl ey & Milner (l91C‘) measured the food intake of  a group 
of  women in an old peop les ’ hone in Ph i lade lph ia .  MTo de ta i l s  
of the ages of  the indiv idual  subjects are given although i t  i s  
stated that th e i r  ages ranged from 65 years to 100 years .  The 
food consumption was measured for  the group only ^not for  
ind iv idua ls )  on the basis o f  an inventory o f  the kitchen supplies  
before end a f t e r  the survey, and an account of  foods brought into 
the kitchen during the survey. The aver ge da i ly  food intake of
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the women was 1882 k i lo c a lo r ie s  per head. Knight, P ra t t  & Langworthy 
(1010) using the same technique as Smedley & Milner conducted two 
surveys of the food intake o f  women in Jaltimore. In the f i r s t ,  
they studied women l i v in g  in the c ity  almshouse. No de ta i l s  o f  
the subjects are given except that "some were s t i l l  working, 
although the majority were past middle l i f e . " .  The average food 
intake o f  th is  group was 1924 k i lo c a lo r i e s  per head per day. In 
the second survey the women were the inhabitants of  a "pr ivate  
asylum". The mean age o f  these women was 76 years and their  
mean da i ly  energy intake was 2,206 k i lo c a lo r i e s  per head.
In 1914 Becker & If£mK18inen measured the energy expenditure 
of women performing various l i g h t  industr ia l  a c t i v i t i e s .  From 
these measurements, and on the assumption that the women spent 
eight hours per day at  work, these authors concluded that the 
d a i ly  energy expenditure of  a woman s i t t in g  doing l i gh t  unsk i l led  
work was 1,800 ICcal; the da i ly  energy expenditure of  a seated 
machinist, or o f  a bookbinder was 1900 to 2100 kca l ,  while a charwoman 
expended between 2,600 and 3.400 k i lo c a lo r i e s  per day.
T igerstedt  (1916) carr ied  out a la rge  s ta le  survey o f  the food 
intake o f  fam i l ies  in rura l  Finland. The women o f  these 
fam il ies  can be divided into two age groups: 18 young women,
mean age 22 years (range 16 to 30),  mean body weight 63 kg, 
working as maids, cooks and housekeepers whose mean da i ly  food 
intake provided 2C61 k i lo c a lo r i e s  per head, and 23 Liddle -aged  
women, mean age 45 years (range 30 to 5C) mean body weight 66 kg, 
who were housewives or who did l igh t  work in the garden or tending
l ivestock  and whose mean da i ly  food intake was 2057 k i lo c a lo r i e s  
per head. ochutz (1917) published an account of the food intake  
of  the members of a s ing le  family l i v in g  in konigsberg.  At the 
time of th is  study the housewife was in her f in a l  month o f  pregnancy. 
She was 30 years old and weighed 71 kg; her mean da i ly  energy 
intake was 2327 kca l .  The family maid, aged 37 years and 
weighing 62 kg consumed 2412 kcal per day, and the housewife’ s 
mother who was 55 years old and whose weight was 66 kg had a da i ly  
energy intake o f  1927 k i l o c a lo r i e s .
dosenheim (1919) and Greenwood, Hodson & Tebb (1919) used 
the Douglas bag technique to study the energy expenditure of  
women engaged in various industr ia l  tasks in a munitions fac tory .  
Rosenheim studied only machine-tool operators, and from his  
measurements o f  metabolic ra te ,  and assuming that the women spent 
eight hours per day at work, and had eight hours f ree  time and 
eight hours s leep he concluded that the ir  mean da i ly  energy 
expenditure was 2,600 kcal per head. Greenwood et a l . (1919) 
studied women engaged in a var ie ty  of  tasks, and divided the 
subjects into four groups according to the i r  leve l  o f  energy 
expenditure at  work. These w r ite rs  assumed the non-working time 
and energy expenditure was s im ilar  fo r  a l l  sub jects .  The mean 
da i ly  energy expenditure o f  the ind iv idua ls  in the four groups was 
2810, 3120,3555 and 3805 kca l ,  on working days; the overa l l  mean 
da i ly  energy expenditure on working days was 3322 k i lo c a lo r i e s  per 
head. Then the energy expenditure was computed for  a f u l l  week
( i . e .  including the non-working week-end) this  f i gu re  was reduced
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to 3039 kcal per head per day.
Cathcart & Murray (1936) provided f igu res  fo r  the food intake  
of  students o f  domestic science in Glasgow. The mean age of  th is  
group o f  women was 21 years ,  and the mean weight was 56 kg; the average 
d a i ly  intake of  food provided 2,035 kcal per head. Hie authors  
expressed surpr ise  at  wliat they considered to be a low energy intake,  
but point out that the body weight of  the subjects was not unduly 
low. Hie authors also state that as the data fo r  the food intake  
was co l lected  "by sch ed u le . . . .  the resu lts  cannot lay  claim to 
absolute accuracy." .
In 1936 Widdowson & McCance used the indiv idual inventory  
technique of  d ietary  survey to study the food intake o f  women of  
d i f f e r e n t  ages.  They showed a decrease in the energy intake with 
increasing age, but were unable to demonstrate that th is  decrease 
was s t a t i s t i c a l l y  s i g n i f i c a n t .  (This in part  at  le a s t  may be due 
to the uneven age d is t r ibu t ion  of  the su b je c t s ) .  These authors 
obtained the fo l low ing  f igu res  for the mean da i ly  intakes of  women 
of  three age groups:
Age 19 -  29 years : 2293 kcal per head
Age 30 -  48 years : 2125 kcal per head
Age 50 -  62 years : 1937 kcal per head.
Crr & Leitch (1937) reviewed the technique of  computing energy
requirements on the bas is  of " (24 hours at  B.?,1.R, + lO fi fo r  sp ec i f ic  
dynamic ac t ion )  + (8 hours net metabolic cost o f  work) + ( 8 hours 
net cost of  r e c re a t io n ) " .  Because of i t s  a r t i f i c i a l  and a rb i ta rv
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nature, this  technique has l a r g e ly  f a l l e n  into disrepute, e spec ia l ly  
so with the introduction of  time studies of  a c t i v i t i e s  and the 
increased case of  measurement of metabolic ra te .  Orr and Leitch  
could f ind  l i t t l e  information d e a l i n g  with women, but they decided 
that the energy requirement of  a housewife weighing 54.5 kg would 
be 2,100 kcal per day; s im ilar  values were suggested for  a typ is t  
and for  a woman engaged in bookbinding.
Shortly a f t e r  the end of  the war Droese, Kofranyi,  Kraut & 
’Vildemann (1949) published the resu lts  o f  a study o f  the energy 
expenditure o f  three German housewives. The metabolic cost o f  
the various a c t i v i t i e s  of  the subjects was measured using the 
Douglas bag or Max-Planck respirometer,  and records were kept o f  the 
time spent by the women al the ir  d i f f e r e n t  a c t i v i t i e s .  The resu l t s  
of Droese et a l  are summarised below:
Subject N o . l :  Age 44 years, weight 65 kg, 3 children in family -
mean d a i ly  energy expenditure 2987 kca l .
Subject N o .2: Age 43 years, weight 84 kg. 4 children -  3070 kcal
per day.
Subject No .3: Age 55 years,  weight 80 kg, 1 chi ld  -  3088 kcal
per day.
As can be seen the body weights of  two o f  these women are very high:  
th is  must account for  at  le a s t  part  o f  th e i r  high energy expenditure.
Recently Thomson (1958, 1959a, 1959b) has reported on the 
food intake o f  pregnant women but these obviously constitute an 
especial c lass  outwith the scope of  th is  thes is .
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2. INTRODUCTION TO EXP2111 MEN7TAL STUDIES
In order to obtain some information on the eiergy requirements 
of women of  d i f f e r e n t  ages in th is  country we undertook a ser ies  
of experiments on women o f  three separate age groups. The three 
groups of  women consisted o f :
a. 12 yoimg women, mean age 20 years.
b. 12 middle-aged women, mean age 51 years  
(these were the mothers o f  the young women).
c. 10 e lde r ly  women (Old Age Pensioners)  
mean age 65 years .
In these experiments the expenditure of  energy o f  these 
women was measured and the ir  food intake studied by the indiv idual  
inventory d ie ta ry  survey technique. Each indiv idual was studied  
for a period o f  seven days. (Although the l a t t e r  group of  subjects  
was made up of ten women we were only ab le  to study the energy 
expenditure of  ei>ht o f  them, the remaining two women only took 
part in the food intake side o f  the in ve s t ig a t ion ) .
The determination o f  the expenditure o f  energy was made by 
a combination o f  ind irect  calorimetry and a deta i led  time-study  
of the various separate a c t i v i t i e s  of the sub jects .  The apparatus 
and techniques used in these determinations are described in de ta i l  
in the f i r s t  part  o f  this thes is .  The resu lts  of these 
invest igat ions  are divided into three sections:  i .  a comparison
of the resu lts  found in the three groups o f  sub jects :  i i .  a
s t a t i s t i c a l  assessment o f  the accuracy of  the techniques employed,
in p a r t icu la r ,  an evaluation of  the d i f fe rences  between the measured 
expenditure and the intake of  energy o f  the sub jects :  i i i .  an
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inquiry into the existence, extent and poss ib le  causes of  an 
age -re la ted  decrease in the gross da i ly  energy metabolism of  the 
women♦ .
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333SULT3 AND DISCUSSION
3. COMPART SON OF THE GROUPS
s is  o f  "Diary Cards1
The number o f  minutes which each subject  spent in her var ious  
a c t i v i t i e s  in the seven days o f  the survey are shown in tab les  
5a, b and c. The mean d a i lv  va lues ,  and the i r  standard dev iat ions ,7 ■ ■ *■ '  '
fo r  the three groups are shown in the forms o f  histograms in f i g s .
38a,b and c. On the average, each day the middle-aged housewives 
spent one ha l f -hou r  longer at  re s t  ( i . e .  in bed and s i t t i n g '  than 
did the young women, and two hours l e s s  than did the e ld e r ly  sub jects .  
The d irect ion  o f  these d i f fe ren ces  i s ,  o f  course, reversed when we 
consider the other, and more strenuous a c t i v i t i e s ;  the e ld e r ly  women 
spent 6^ hours per day in personal n e c e s s i t i e s ,  standing, walking,  
shopping and at  housework, compared with 8J hours per day spent in these 
a c t i v i t i e s  by the middle-aged women, and 9 hours per day by the young.
I t  can be seen that the a c t i v i t i e s  l i s t e d  as "bed” , " s i t t i n g ” 
and "standing” occupy a very la rge  proportion o f  the to ta l  in the 
two o lder groups o f  sub jects ;  in the young women "working” i s  a lso  
an a c t iv i t y  o f  major importance. Tims, i t  i s  evident that the accuracy 
of  our estimate o f  d a i ly  energy expenditure w i l l  be mainly dependent 
on the accuracy o f  our estimate o f  the metabolic cost ( c a l o r i e s  per 
minute) o f  the performance o f  these a c t i v i t i e s ,  and o f  the time spent
in these activities.
TABLE 6a -  YOUNG fOMEN
SUBJECT
SURFACE AREA 
sq . ffi •
B.M.R. 
kcal/sq .m/hr
Jean Barr ie 1,55 35.3
Margaret C h r is t ie 1.50 35.2
Sima Drummond 1.69 36.9
Margaret Duff 1.57 35.3
Muriel Duncan 1.64 35.2
Shei la  Galston 1.64 36.3
Nada Hamilton 1.88 35.2
Svelyn Jack 1.54 35.9
Nan Mc>)uarter 1.80 35.3
Meta Simpson 1.59 35.2
Rita Stevenson 1.39 36.3
Janette Whiteside 1.48 36.3
■
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TABLE 6b -  MIDDLE AGED WOMEN
SUBJECT
SURFACE AREA 
3q , m.
B.M.R. * 
kcal/sq,m/hr.
Mrs, Barr ie 1,70 33.0
" Chr is t ie 1.67 33.7
11 Drummond 1.74 32.6
" Duff 1.73 33.8
" Dim can 1.63 33.8
" Ralston 1.61 34.4
" Hamilton 1.63 33.5
" Jack 1.68 34.5
M McQuarter 1.70 33.5
lf Simpson 1.69 33.8
M Stevenson 1.70 33.9
M Whiteside 1.46 34.5
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TABLE 6c - ELDERLY WOMEN
SUBJECT
SURFACE AREA 
Sq. m.
B.M.R. 
kcal/sq ,m/hr,
Mrs. Burt 1.67 32.2
M Frame 1.44 32.1
Miss Hampsey 1.56 32.7
M A.Muir 1.75 32.3
" J.fttiir 1.50 32.1
Mrs. Skinner 1.78 32.1
” Smi th 1.32 31.9
Miss Wilson 1.64 32.7
Estimate o f  Bnergy Expenditure
ied. The mean expenditure of  e n e r g y  fo r  the time spent in bed 
i s  assumed to be equal to the basal metabolic rate (B .M .R . )  o f  the 
ind iv idua l  concerned. The ra t iona le  of  the use of  the basal  
metabolic rate fo r  the energy expenditure while  in bed i s  discussed  
by Passmore & Durnin (1955) and in the F.A.O. Pub l icat ion  on Calor ie  
Requirements (1957). The ind iv idua l  values for  the B .M.R . 's  were 
calculated from the surface area (Tables  6a, b, and c) and age of  
each subject according to the standards o f  F le ish (1954).  Surface  
area was evaluated from height and weight (see tab les  4 a ,b and c)  
by means of  the nomograrn of  V/ei r  (1949) based on the formula of  
Du Bois & Du Bois (1916). The indiv idual metabolic costs (c a lo r ie s  
per minute) o f  being in bed, and of  a l l  the other various a c t i v i t i e s ,
f o r  a l l  three groups o f  subjects are given in tab les  7a,b and c.
S i t t in g  and Standing;. D irect measurements o f  the metabolic costs of  
these a c t i v i t i e s  were made on near ly  a l l  subjects using the Max-Planck 
respirometer. Analysis  o f  the samples of  expired a i r  was carr ied out 
mostly using the Haldane apparatus or accas ional ly  the Pulmo-analyser, 
and the energy expenditure was calculated by the method of  Y/eir (1949).  
These measurements were performed on two separate occasions on each 
subject .  The subjects were encouraged to behave as "na tu ra l ly "  as 
poss ib le  during the measurements, i . e .  to s i t  reading or sewing and to 
stand doing something ( e . g .  l i gh t  household tasks )  and not ju s t  to s i t  
or stand pe r fe c t ly  s t i l l .  The values fo r  the energy expenditure while  
s i t t in g  and standing shown in tab le  7a,b  and c are the means of the 
separate determinations on each ind iv idua l .  The separate values for  
pulmonary ven t i la t ion ,  oxygen extraction and energy expenditure while  
s i t t in g  and standing are given in tab les  8 and 9a,b and c. These 
l a t t e r  tab les  also show the group means fo r  these measurements. The 
mean energy expenditure while s i t t in g  i s  p r a c t ic a l ly  ident ica l  in a l l  
three croups o f  sub jects .  The mean expenditure when standing i s  
s im ilar  in the two o lder  groups of  subjects though i t  i s  a l i t t l e  lower 
in the case of  the young women. The poss ib le  implications o f  these 
values i s  discussed la t e r .
'Housework * ( a l l  groups) and ' workinp1 (young women). Direct
measurements of  the energy expenditure were made in so e cases, but where
this was not p rac t icab le  estimates were made, based on the energy cost 
of  standing and adjusted to the bu i ld  o f  the indiv idual concerned, and
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TABLE 8a - YOUNG WOMEN
FITTING
oUEJECT Pulmonary Venti lat ion  t ./min. S .T .P .
Oxygen -extraction
" ( o . - o  ) $'  1 Q
Energy Expenditure 
kcal/min.
Jean Barrie 5.3 3.42 0.91
6.7 3.62 1.21
Margt. Christ ie 5.4 3.97 1.07
7.0 3.20 1.12
Lima Druuimond 6.9 4.46 1.54
7.4 4.20 1.55 ,
Margt. Duff 6.7 3.04 1.02
5.5 3.20 0.88
Muriel Duncan 8.2 3.45 1.41
6.5 3.18 1.03
Sheila Galston 8.6 3.00 1.29
7.0 3.60 1.26
Nada Hamilton 6.8 3.62 1.23
7.4 3.90 1.44
Evelyn Jack 5.6 3.22 0.90
6.4 3.17 1.01
Nan Me uarter 7.0 4.04 1.41
6.9 3.50 1.21
Meta Simpson 5.2 2.99 0.78
5.7 2.91 0.83
Rita Stevenson 5.9 4.41 1.30
5.9 4.68 1.38
Janette V/hiteside 4.6 4.07 0.94
4.5 3.56 0.80
Yea 6.4 3.60
1
. ro
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TABLE 8b - MIDDLE AGED WOMEN
SITTING
►jUBJECT
'
Pulmonary Venti lat ion  
Tl./min, S .T .P .
Oxygen Extraction
( o . - o  ) %
v i e ' '
Energy Expenditure 
kcal/ii in.
Mrs . Barri  e 6.1 3.49 1.06
6.0 3.65 1.10
»i Chri s t ie 6.9 3.66 1.26
6.6 3.50 1.16
i t Drumrrond 4.8 4.52 1.08
6.3 4.40 1.39
i i Duff T .3 3.35 1.22
6.9 3.43 1.18
i i • Duncan 6.9 3.66 1.26
6.7 3.41 1.14
t i Galston 7.1 3.34 1.19
7.0 3.51 1.23
i i Hamilton 4.9 3.63 0.89
6.4 4.10 1.31
t i Jack No I easurements Possifcl e
i t Mcjjuarter 6.7 3.03 1.02
6.5 3.90 1.27
i> Simpson • q  o rO .  6_V- 1.15
5.9 3.23 0.95
i i Stevenson 6.2 4.27 1.32
6.0 4.38 1.31
t i ".Tiiteside 7.0 3.54 1.24
5.3 4.45 1.18
Mean 6.4 3.71 1.2
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TABLE 8c -  ELDERLY WOMEN
SITTING
SUBJECT Pulmonary Venti lat ion  
l ./min. 3 .T .P ,
Oxygen Extraction
~ (0 . - 0  ) % v i e '
Energy Expenditure 
kcal/c in .
Mrs, Burt 5.8 4.30 1.25
5.7 4.30 1.23
11 Frame 4.9 4.09 1.00
4.8 3.76 0.90
" Hampsay 3.6 4.85 0.87
3.9 4.56 0.89
Miss A, Muir 7.3 3.30 1.20
13.0 3.07 2.00
" J, Muir 7.8 3.24 1.26
7.4 4.03 1.49
Mrs. Skinner No Measurements Foss i b l e
” Smith 5.3 3.86 1.02
5.8 3.30 0.96
Miss ’./i lson 7.5 3.95 1.48
7.4 3.99 1.48
Mean 6.4 3.90 1.2
TABLE 9a - YOUNG WOMEN
STANDING
..................................................................
SUBJECT Pulmonary Venti lat ion  l ./min. S .T .P .
Oxygen Extraction
(0 . - 0  ) fc v i e
Energy Expenditure 
kcal/min.
Jean Barrie 6,1 3.91 1.19
7.1 3.99 1.42
Margt. Christ ie 6.1 4.18 1.27
7.5 4.82 1.81
Elraa Druiamond 8.8 4.23 1.86
8.3 4.41 1.83
1 a rg t .  Duff 6.8 3.36 1.14
7.1 3.60 1.28
Muriel  Duncan 8.9 3.06 1.36
7.2 4.00 1.44
She i la  Galston 8.5 . • 3.90 1.66
9.0 3.10 1.40
Nada hamilton 9.5 3.78 1.80
9.1 4.02 1.83
Evelyn Jack 7.1 4.21 1.49
5.5 3.35 0.92 •
Nan McQuarter 8.4 4.40 1.85
7.9 3.65 1.44
I eta Simpson 6.1 3.17 0.97
5.3 3.34 0.89
Rita Stevenson 6.3 4.73 1.49
6.7 4.64 1.55
Janette Yhiteside 5.9 4.30 1.27
5.5 4.22 1.16
Mean “5 . CO 3.93 1.4
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TABLE 9b -  MIDDLE AGED WOMEN
STANDING
SUBJECT Pulmonary Venti lat ion  I . /min. S.T.P
Oxygen Extraction
(0 . -0  ) v i e
Energy Expenditure 
kcal/min.
Mrs. Barrie 6.2 3.68 1.14
7.1 4.17 1.48
u Chr is t ie 7.2 4.21 1.52
6.9 3.78 1.30
11 Drummond 9.7 4.73 2.29
9.2 4.30 1.98
" Duff 9.1 4.26 1.94
9.5 4.46 2.12
M Duncan 10.1 4.58 2.31
9.6 4.41 2.12
” Galston 6.2 3.90 1.21
8.4 3.85 1.62
" Hamilton 8.3 4.03 1.67
8.2 4.13 1.69
11 Jack No Measurements Possi b le
” Mc^uarter 8.1 3.47 1.41
7.9 3.54 1.40
” Simpson 9.1 4.24 1.93
9.5 4.43 2.10
" Stevenson Nc Measurements Possi b le
M Whiteside 8.5 4.38 1.86
8.6 4.41 1.90
Mean 8.4 4.10 1.7
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TABLE 9c -  "ELDERLY WOMEN 
STANDING
SUBJECT Pulmonary Venti lat ion  i ./m in .  S .T .P .
Oxygen ’Extraction
(o . - o  ) %x i e
En ergy Expen cli tu r  e 
kcal/min.
Mrs. Burt 6.6 3.96 1.31
6.6 4.08 1.35
M Frame 8.6 4.34 1.87
8.9 4.28 1.90
MiS3 Kampsay 6.0 4.52 1.36
5.4 4.61 1.24
Miss A. Muir 13.6 3.61 2.45
16.8 2.83 2.38
Miss J. Muir 10.4 3.92 2.04
8.7 3.61 1.57
L r s . Skinner No Measurements Possi b le
11 Smith 7.3 3.86 1.41
6.2 3.38 1.05
Miss Wilson 7.4 4.66 1.72
7.2 4.G9 1.69
Mean 8.6 4.04 1.7
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the nature of  the tasks involved. To f a c i l i t a t e  the making o f  these 
estimates d irec t  measurements were made o f  energy expended during the 
performance o fm r iou s  household a c t i v i t i e s  by four experienced 
housewives of  various body weights. These four housewives were not 
taking part  in the general survey. The re su l t s  o f  these measurements 
are  given in tab le  10.
Walking. Again d irect  measurements were made in some cases, 
but fo r  the majority of  subjects the energy cost o f  walking was 
derived from tie f igu res  of Passmore & Purnin (1955). These values  
r e l a t e  bod} weight and speed to energy expenditure while walking. The 
speed o f  walking was judged from the nature and appearance o f  the 
ind iv idua l  concerned, from her type of walking, and from her own 
estimate.
Personal N ece s s i t i e s . The amount o f  energy expended per minute 
while  washing, dressing, etc. (grouped under the heading "personal  
a c t i v i t i e s " )  was estimated by the method used by Passmore, Thomson & 
Warnock (1952).  i . e .  by multiplying the personal energy, cost o f  
standing by 1.9 for  each ind iv idua l .
Shopping. For each subject the metabolic cost o f  th is  a c t i v i t y  
was considered to be equivalent to the mean o f  her personal values fo r  
"walking" and "standing".
Other a c t i v i t i e s . The item, grouped under th is  heading consisted  
of e ither  heavier forms of housework (ca rry ing  coal,  washing stone s t a i r ­
cases, e t c . )  or of  some recreat iona l  pastime which could not reasonably
-  116 -
be classed as s i t t in g  or standing ( e . g .  dancing, p laying badminton,
e t c . ) .  The estimates of energy expenditure for  "other a c t i v i t i e s "  are
based on the exact nature of  the a c t iv i t y  concerned and the physique of
the ind iv idua l ;  in some cases d i rec t  measurements of metabolic cost were
made. The values shown in tab les  7a,b and c fo r  the energy cost of
"other a c t i v i t i e s "  are shown more from the point o f  view of uniformity
o f  presentation rather than for  the i r  usefulness in any further
ca lcu la t ions .  (These f igu res  were arr ived  at as fo l low s .  Suppose
that there were four separate a c t i v i t i e s  A, B, C and D which had been
jo in t l y  c l a s s i f i e d  as "other a c t i v i t i e s " ,  and that the to ta l  time spent
in each o f  these, during the course of the week, was a, b, c and d
respect ive ly .  I f  the energy cost o f  these acit iv it ies  were separately
estimated to be p, q, r and s kcal./min respect ive ly ,  then the to ta l
weekly energy expenditure on other a c t i v i t i e s  would be:
ap + bq + cr + ds kcal
and the value l i s t e d  in tab le  5 would be:
ap + bq + cr + ds , , / . , \—t.--- kcal . /minute. )
a + b + c '  '
Tables 11a, b and c show, for  each subject,  I ,  the energy expended 
in each of her various a c t i v i t i e s  for  the seven days of  the survey; I I ,  
the to ta l  weekly energy expenditure; and I I I ,  the mean da i ly  energy 
expenditure. The overa l l  mean da i ly  expenditures o f  each group o f  
subjects are a lso  shown in these tab les .  The mean da i ly  values and 
standard deviations fo r  the energy expended at the various a c t i v i t i e s  
by the three groups o f  subjects are shown, in histograniatic form in
-  117 -
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F ig s ,  39 a, b and c ( c f .  Figs. 38a, b and c fo r  times spent at  a c t i v i t i e s ) .
The ind iv idua l  expenditures o f  energy on each day o f  the surveys 
are  shown in tab les  12a, b and c. These tab les  a lso  show the ind iv idua l  
and groun mean da i ly  energy expenditures and the ir  standard deviat ions.
The seven days'  expenditures are shown in these tab les  from Sunday to 
Saturday, although in fact  the indiv idual surveys always began on a week­
day. For administrative convenience th is  day was not always the same.
( e . g . ,  in the case of  the e lde r ly  women: Mrs. Burt,  Miss Hampsey, Miss A. 
Muir and Miss J. Muir began the ir  indiv idual  surveys on a Monday, Mrs. 
Skinner and Mrs. Vilson on a Tuesday, e t c . ) .
Measurement o f  food intake
The da i ly  energy intakes o f  the meoibers o f  the three groups o f  subjects ,  
as determined from the seven-day indiv idual d ietary  surveys, are given  
in tab les  13a, b and c. The indiv idual  d a i ly  mean values and the ir  
standard deviat ions,  together with the overa l l  group mean da i ly  values  
and standard deviations,  are also shown in these tab les .
The individual and group mean da i ly  values and standard deviations 
for  the intakes o f  protein, f a t ,  carbohydrate, ca lo r ies ,  calcium, iron, 
vitamins A, 3, r ib o f la v in ,  Niacin, C and D are given in tables 14a, b and
c. The da i ly  intakes o f  nutrients recommended by the Brit ish Medical 
Association ( i960 ) ,  Report o f  the Committee on Nutr it ion ,  London, are 
also given in these tables. On the basis o f  the B.M.A. recommendations 
i t  would appear that a l l  groups o f  subjects were rece iv ing  from the ir  
d iets  adequate amounts o f  protein , vitamin IM, niacin and vitamin Cj
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in addit ion the young and middle-aged women were rece iv ing  adequate iron  
and the e ld e r ly  subjects  adequate calcium and r i b o f l a v i n .  Small, though 
almost c e r ta in ly  unimportant, d e f ic ien c ie s  ex isted  in the calcium and
r ib o f l a v in  intakes o f  the two younger groups , and in the iron intake o f  
the e ld e r ly  women. A l l  the groups o f  subjects  received le ss  vitamin A 
than i s  recommended by the 3.M.A. Committee on N u t r i t io n :  the young
received 2900 I .U .  per day, the middle-aged 4100 I .U .  per day and the 
I e lde r ly  women 3300 I .U .  per day; the recommended allowance i s  5000 I . U .  
per day in a l l  cases.
Table 15 shows how very s im i la r  were the d ie ts  o f  the three groups 
of  women with respect to the ra t ion  o f  prote in ,  f a t  and carbohydrate in 
them. The proportion o f  the c a lo r i e  intake from protein i s  very c lose  
to 12.5J&, the f igu re  used in T e i r 1 s (1949) method o f  ca lcu la t ion  o f  
metabolic r a te .
o f  the majority o f  the authors c ited  in the introduction .  Snedley & 
Milner (1919) and Xniglit et a l . ( l9 1 0 )  were deal ing with women o lde r  than
studied by the American workers are s l i g h t l y  higher than those o f  the 
e ld e r ly  women from P a i s le y ,  indeed, in the case o f  the inhabitants  o f  
the "p r ivate  asylum" th is  d i f fe rence  was 350 k c a l .  per head per day.
This d i f fe rence  may, in part  at  l e a s t ,  be a r e f l e c t io n  o f  the socio -  economic 
fac tors  involved; i t  w i l l  be remembered that a d i f fe rence  o f  th is
Discussion
The re su l t s  presented above show broad agreement with the f ind ings
those taking part  in th is  study. The intakes o f  energy o f  the women
magnitude a lso  existed between the women in the asylum and those in the 
c ity  almshouse.
The energy expenditure of  the young wor en studied in the present  
experiments (2254 kcal per day) i s  between the upper level of expenditure 
of the bookbinder or machinist (2,100 kcal per day) and the lower leve l  
of expenditure of  the caretaker (2.300 kca l  per day) studied by Becker 
& Hamalainen (1914). Such a s ituat ion  seems reasonable when the work 
of  shop ass istants  i s  compared with that of  a machinist and a caretaker.
The agreement between the intakes o f  energy of  the young women in 
the present study (2218 kcal per day) and in that o f  T igerstedt ,  1016 
(2062 kcal per day) i s  not as good as i t  appears at  f i r s t  s ight as the 
body weight of T ige rs ted t1s subjects  was 10 kg greater  than was that of  
our young women. In the case of  the middle-aged subjects our f indings  
are considerably nearer to those o f  T igerstedt ,  although once again  
the Finnish women consumed less  than did the ir  Scottish counterparts.
These descrepencies may be due to a s l i g h t ly  lower standard of l i v in g  
on the part  o f  rura l  famil ies  l i v in g  in Finland in 1916 as compared with
the Glasgow fam i l ies  in 1956.
The estimates made by Rosenheim (1919) anr Greenwood et a l . (1919) 
of  the energy expenditure of  the munitions workers are much higher than 
any of the present estimates. This i s  almost cer ta in ly  not a serious  
comment on the accuracy of e ither  estimate in that the tasks involved  
are not at a l l  comparable. The food intake of  the women students studied  
by Cathcart & Murray (1936) i s  about 200 kcal per head per day lower than
that o f  the young women who took part  in the present study, although the
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mean are and body weight o f  the two groups are almost id en t ica l .
There is  exce l len t  agreement between the f igures for the intakes 
o f  energy o f  the three groups o f  subjects reported on in th is  work and 
the three comparable groups studied by /iddowson & McCance (1936). I t  
w i l l  be remembered, too, that these authors used the same technique o f  
d ie tary  survey as that employed in th is &udy« The estimate o f  energy 
expenditure o f  a housewife ^2100 kcal per day) made by Orr fk Leitch 
(1937) is  f a i r l y  close to our f igures ,  although i t  may be a l i t t l e  low. 
There is  a d i f fe rence  o f  nearly 1,000 kcal per day between our f igures  and 
those o f  Broese et  a l . (1949) fo r  the energy expenditure o f  middle-aged 
housewives. The d i f fe rence  in body weight between the German women 
and the subjects o f  the present study (mean weights 76 kg and 64 kg) 
are in s u f f i c ie n t  to wholly account fo r  the d i f fe rence  in the ir  energy 
expenditures (40 lccal/kg per day for  the German women and 33 kcal/kg 
per day fo r  the Glasgow subjects ) .  Fart o f  this d i f fe rence  no doubt 
may l i e  in the fa c t  that there were young children in the German famil ies  
(3,4 and 1 respec t iv e ly )  whereas only one subject (Mrs, Stevenson) in the 
present study was so encumbered. Mrs. Stevenson had two small children 
and her mean da i ly  energy expenditure was high compared with that o f  the 
other housewives: 2383 kcal compared with the mean energy expenditure
o f  the group which was 2092 kcal per day. However i t  should be noted 
that as ,  Stevenson was also the heaviest o f  the Glasgow housewives 
studied: 73.5 kg as compared wit! the group average o f  64 kg. Then
this subject 's  energy expenditure is  expressed per unit  body weight i t  is 
less than the mean for  the German woi:en; in fac t  i t  is  very close to that
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f o r  the Glasgow housewives. Thus i t  appears that the Glasgow housewives 
s i j ip ly  expended less energy, i . e .  did not work as hard as did the ir  
Ge rman cou nt  erpar t  s .
As mentioned in the introduction, the energy requirement o f  an 
individual or o f  a group o f  comparable individuals, is  the same as the 
energy intake or expenditure i f  these are equal, and i f  the body weight 
o f  the individual or group is  not abnormal. I f  the intake and 
expenditure o f  energy are d issimilar  energy expenditure is  probably the 
better  indicator o f  energy requirement, again with the proviso that body 
weight is  not abnormal. Abnormal weight can exert an influence on 
to ta l  da i ly  energy expenditure in two ways. F i r s t l y ,  abnormal weight 
may a f f e c t  the metabolic rate during the performance of  part icu lar  
a c t i v i t i e s .  For example, Benedict (1915) found that a f t e r  a period of  
fast ing  which caused a reduction o f  20fi in  the body weight there was a 
depression o f  SOfo in the rest ing metabolic rate. S im ilar ly  Passmore 
Durnin (1955) showed that energy expenditure increased with increasing 
body weight during the performance o f  an a c t i v i t y  such as walking at  
constant speed.
Secondly, abnormal weight may cause a change in the overa l l  pattern 
of  physical a c t i v i t y .  For example, overweight individuals may r e s t r i c t  
the distance they walk each day (although whether this is  the cause or 
the e f f e c t  o f  the ir  obesity is  debatable).
This second e f f e c t  w i l l  almost invariably  cause a depression in the 
to ta l  da i ly  expenditure, whereas the f i r s t  e f f e c t  may cause either 
depression or e levation, depending upon the d irect ion o f  the abnormality
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in body weight. I t  is  possible that in some cases these two e f f e c t s  
may be se l f - cance l l in g ,  although in other cases they w i l l  be add it ive .
There is  reasonably close agreement between the mean energy intake 
and expenditure o f  each group o f  subjects reported on in the present 
survey. Furthermore there appear to be no abnormally heavy subjects 
in any o f  the groups, and only one exceptional ly  l i g h t  woman (?'rs. Smith, 
41.75 kg) in the group o f  e ld e r ly  women. Thus the f igures fo r  the energy 
intake and expenditure o f  these groups o f  subjects are probably a good 
indication o f  the ir  actual energy requirements. I t  is  obviously quite 
po intless ,  and indeed i t  may even be misleading (Durnin, 1958), to quote 
anythin^; but "rounded-off” values fo r  energy requirements. Ve may state 
that the da i ly  energy requirements o f  the groups studied in this work 
are as fo l lows :
Young wonen, mean age 20 years working as shop assistants:  2,250 kcal .  
Yiddle-aged women, mean age 50 years, working as housewives: 2,100 kcal. 
Elder ly  women, mean arre 65 years, working as housewives: 1,950 kcal.
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Introduction
Underlying these surveys o f  energy expenditure and food intake is  
the basic physiological  assumption that normal healthy people are in 
approximate energy balance over a period o f  seven days. That i s ,  that 
fo r  any one subject, over the course o f  one week the algebraic sum o f  
the da i ly  d i f ferences between energy output and intake is  zero,
(Ej - Xj) + (E2 - I2) +.............(E7 - I?) = 0
Where  is  the nnergy expended each day o f  the survey
and I j  , Ig  .................. I 7 is  the energy intake each day.
This assumption re fers  only to people l i v in g  in a modem c i v i l i s e d  
comoiunity where food is  p len t i fu l  and work i s  o f  an even nature 
throughout the year. I t  obviously cannot be applied to pr im it ive  
rural communities where food nay be p len t i fu l  at and a f t e r  the harvest 
(and intake exceeds expenditure) and scarce before i t  (and expenditure 
exceeds in take) ;  such a situation has been described by Fox (1953),
Nor would the assumption be tenable i f  i t  were made with regard to periods 
o f  only one or two days, as was shown by Durnin ( 1957a). I t  does, 
however, seem reasonable to suppose that in a period o f  seven days, fo r  
people l i v in g  the somewhat ordered and routine type o f  existance which 
is  common in Western c i v i l i s a t i o n ,  that the da i ly  d i f ferences between 
ca lo r ic  expenditure and intake would be s e l f  cance l l ing .  Certainly, 
there is no a p r io r i  evidence to contradict th is  assumption: The laws
of  conservation o f  energy apply to human beings and normal, healthy 
people neither gain nor loose body weight.
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4. STATISTICAL ASSESSMENT OF TSCHNIsHJE
Thus, on the basis that the above assumption about energy 
balance is  correct ,  we should be able to t e s t  the accuracy o f  the 
techniques employed to measure energy expenditure and food intake 
by comparing the results o f  the two types o f  measurement. As these 
two are, in e f f e c t ,  independent measures o f  the same en t i ty ,  the ir  
results should be id en t ica l .  I f  a s t a t i s t i c a l l y  s ign i f ican t  
d i f fe rence  is  found to ex is t  between the two measurements, we can say 
that e i ther ,  or both, o f  the measurements is  inaccurate. Such a 
d i f fe rence  does not, per s e , allow us to decide which o f  our measures 
is  inaccurate. Even i f  no s ign i f ican t  d i f fe rence  is  found we 
cannot be absolutely certain o f  the accuracy o f  our techniques, though 
our confidence in them would be considerably enhanced. I t  i s  possib le,  
though unl ike ly ,  that both measurements are systematically in error, in 
the same (a lgeb ra ic )  sense and to the same extent.
Results
For the purposes o f  a s t a t i s t i c a l  evaluation o f  the techniques 
the individual mean weekly energy expenditures and intakes o f  the 32 
women described above were used. In addition similar data on 
45 men were assembled from the l i t e ra tu re .  These f igures had 
been obtained by the same methods as had those for  the women.
The data on the men were obtained from the fo l low ing sources.
Garry et a l .,  1955
Edholm et a l ., 1955
Durnin & Brockway, 1959 
The values used in the subsequent calculations are shown in table 16.
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Authors SubjectGroup
Expenditure
kcal
Intake
kcal
"Idholm et a l . M i l i t a ry  Cadets 3546 3140
3377 3071
3482 3788
4097 3452
3236 3589
3191 4107
3620 3250
3077 2993
2678 3339
3548 3917
1246 3063
3588 3482
burnin & Brockway Young Men 3245 2953
(Students ) 2682 2847
3539 2939
3248 3290
A scatter  diagram ( F i g . 40y was constructed by p lo t t in g ,  fo r  
each ind iv idua l ,  mean da i ly  energy expenditure aga inst  Lie an d a i ly  
food intake* The regress ion  equations o f  energy expenditure on 
food intake were then ca lcu lated  fo r  a^ , a l l  sub jects ,  I), the male 
subjects only, and, the women only. These equations were:
ii = 0.5661 + 1177 ........................................................ a
E = 0.5101 + 1545 . .   .................................................... b
E = 0.4851 + 1117 ........................................................ c.
Where E and I  are the mean d a i ly  energy expenditure and food
intake respect ive ly  (measured in C vl o r i e s ) .
Ex
pe
nd
itu
re
 
(C
al.
)
y- MEN 
&
• WOMEN
F ig .  40
The corresponding regress ion  equations o f  food intake on energy 
expenditure were:
X — 0 • 0)31 iii 4- c79 . .  •• « .  •• «• «• • • • • a
I = 0.777E + 952 .............................................b
I = 0.841S + 295 .............................................£
The slopes of  the three regres  ion l ines  of  expenditure on intake  
do not d i f f e r  s i g n i f i c a n t ly  from one another, and a l l  intercept the 
ve r t ica l  (expenditure ) ax is  at points s i g n i f i c a n t ly  d i f f e r en t  from the 
o r ig in .  The product—moment corre lat ion  coe f f ic ien ts  were a lso  
calculated for  a l l  subjects ,  and fo r  the men and wo^en separate ly ;  
these were:
r  = 0 . 6 9 ......................... . . .  a l l  subjects
r = 0 . 6 3 ...................................men only
r  = 0.64  ...............................women only.
These co e f f ic ien ts ,  wi ich are a l l  s t a t i s t i c a l l y  h ighly  s ign i f ic an t ,  
show the existence o f  some degree o f  pos it ive  corre lat ion  between 
our measurements o f  food intake and of  energy expenditure.
In addition to the regression equations and corre lat ion  co e f f ic ien ts ,  
the data were analysed in terms o f  the mean d if fe rences  between the 
estimates of  food intake and energy expenditure. Hie r e su l t s  o f  th is  
analys is  are given in tab le  17. In the case o f  ,fa l l  sub jects "  i t  con 
be seen that the mean da i ly  intake of  ca lo r ie s  exceeds the mean da i ly  
expenditures by 98 ca lo r ie s .  Thi3 f igu re  d i f f e r s  s i g n i f i c a n t ly  from 
zero at the 5J& l e v e l .  The standard deviation of th i s  mean d i f fe rence  
is  425 c a lo r ie s .  On the u sua l ly  r.ada assumption the 95ft of  a
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population l i e  within the range of the mean plus or minus twice i t s  
standard deviation, we would expect to f ind  that the d if fe rence  
between energy expenditure and food intake, as measured by the 
techniques described in th is  thes is ,  would be within the range of  
from ^  752 to + 948 ca lo r ies  per day in 95ft o f  the ind iv idua ls  studied,  
and that,  fo r  the whole group the overa l l  mean d i f fe rence  between energy 
output and intake would be s i g n i f i c a n t ly  d i f f e r e n t  from zero.
Discussion
The d i f fe rences  between the energy intake and the energy 
expenditure of  the women were a lso analysed separate ly  with respect to 
the three groups o f  subjects described in th is  thes is .  The 
re su l t s  o f  th is  ana lys is  are given in tab le  R.16. The mean d i f fe rences  
between the energy intake and expenditure o f  the young and middle aged 
subjects  do not d i f f e r  s i g n i f i c a n t ly  from zero, but th is  d i f fe rence  i s  
s i g n i f i c a n t  in the case of  the e lde r ly  women, whose expenditure exceeds 
intake by 168 C a lo r ie s .
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Thus, our techniques appear to have been sa t is fa c to ry  in the 
cases of  the two younger groups o f  women, but in the case of  the e lde r ly  
women our estimate of  energy expenditure i s  higher than that of  energy 
intake fo r  every subject.  I t  may have been that these women were not 
consuming enough food to meet the i r  energy requirement, although this  
seems un l ike ly :  the body weights ce r ta in ly  do not suggest that such a
state has been in existance for  any length o f  time. I t  i s  more 
probable that the e lde r ly  women were less  accurate in the keeping of  
the ir  records of  a c t i v i t y  ( i . e .  the Mdiary cards " )  or o f  food intake.  
They may, for  example, have been r e l a t i v e l y  unfamil iar  with the use 
of  sca les ,  which could have led to errors  in the weighing o f  their  
food. Nevertheless,  i t  i s  d i f f i c u l t  to envisage errors  of  th is  nature 
leading to a consistent over-estimate o f  energy expenditure or under 
estimate of  energy intake.
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5 .  THE DECREMENT IN ENERGY EXPENDITURE WITH AGE
Introduction
Information about the reduction in the body's  requirement for  
energy with advancing age i s  s t i l l  l imited. The F.A.O. Committee on 
Calorie  Requirements (1950) suggested a decrease in the d a i ly  ca lo r ie  
allowance o f  7jj£ per decade over the age o f  25 years .  While the j o in t  
F.A.O./v/.H .0. Expert Committee on Nutr it ion  (1955) considered that th is  
reduction was too great ,  at  le a s t  fo r  the population of  the United 
Kingdom? the l a t t e r  committee suggested a f i g u r e  of  3J? per decade.
Durnin (1957, b )  presented more evidence suggesting that 3fc per decade 
was a decrement more suited to the B r it ish  population. A subsequent 
report o f  the F.A.C. Committee on Calor ie  Requirements (1957) agrees  
with the 3Jo decrement up to the age of  45 years,  but favoured the 
retention o f  a decrement in ca lo r ie  allowance o f  7Vfo per decade fo r  
ages from 45 to 65 years.
To throw some further,  though due to the small number o f  subjects  
involved, admittedly feeb le  l i g h t  on th is  problem a s t a t i s t i c a l  ana lys is  
was made of  the measurements o f  energy expenditure presented above.
Results
In addition to an ana lys is  using gross d a i ly  energy expenditure the 
data were analysed so that var ia t ions  in energy expenditure due to 
d i f f e r in g  body s ize  were eliminated. This was done in two ways: 
f i r s t l y ,  the energy expenditure was expressed as that per unit  body 
weight (kcal kg/day) and secondly, i t  was expressed as that per unit  
body surface area (kcal/sq.m/day) .  Scatter diagrams (F ig s .  41a, b and c)
A g e  y e a r s
Fig* 41 a*
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were drawn p lo t t ing
( a )  gross da i ly  energy expenditure
( b )  d a i ly  energy expenditure per un it  body weight and
( c )  d a i ly  energy expenditure per unit  surface area against  
age. The equations o f  the s t ra igh t  regression l in e s ,  and the ir  
respective product-moment co rre la t ion  c o e f f i c ien t s ,  fo r  these three  
set data were ca lcu lated .  The equations and coe f f ic ien ts  are given  
in tab le  19. The product-moment co rre la t ion  co e f f ic ien t s ,  which are  
of s im ilar  magnitude in each case, are small , but a l l  are s t a t i s t i c a l l y  
s ign i f ic an t  a t  the 5?o l e v e l .  The regression l in es  imply an age - re la ted  
decrement in energy expenditure o f  from 2?$  to 4fo (depending on the 
standard used when expressing the expenditure) per decade o f  the 
energy expenditure at  the age o f  20 years .
Discussion
I t  i s  o f  in te re s t  to exam ne the sources o f  the d i f fe rences  in 
energy expenditure between the groups, p a r t i c u la r ly  with regard to the 
young and e lde r ly  women. (The mean d a i ly  energy expenditure o f  the 
young women was 2,254 kcal and that o f  the e ld e r ly  women was 2,027 
k c a l . -  see tab les  11a, b and c ) .  Table 20a, b and c show?, for  each 
group o f  sub jects ,  the mean rate  o f  expenditure o f  energy fo r  the four  
principa l  a c t i v i t i e s  (bed, s i t t in g ,  standing and working) expressed as 
( a )  gross c a lo r ie s  per minute, ( b )  Ca lo r ies  per kilograoi per minute and 
( c )  Ca lor ies  per square metre per minute. I t  w i l l  be remembered that  
the values fo r  ’’bed” are derived from F le i s c h ’ s standards fo r  basal
- 148 -
1
a
f T
a
e
s
i-4
a riHrH □
I
PQ
H
££
wz
t f5
u
©Pu
p CM
s •v_/
© ©
•1-4 O
— © T3o M d
p y o
c3 o o
O -C5 'a
r-4
cSo
•H «H
P O
DC
•r4 ©
P O
eS s
P d seo o u
•H z
<H «M
o •Hr*
1-4
© •H
> m
<0
PJ
a po CS
•H ©P -rt o«3 o:
«—( *H m •
CD P  r oP Cm
u © 1o o
o . o
t-
CO
CVJ
,— ^ +
S'— Xo CO•H CS
CO o •
to -H lO
© P 1
P  d
to  p u
Q> c*
P i ©
ns
u
f l
pr/2
iO
CM
in »n
^ 5-10
»
CM
iO
CO
o
I oI
wo
00
OJrr*
8
UO
O
I
II 
►>
00
X
COo
CO
I
05.'C
dO
«
CO
O
*-CO
c3d ts
P  dJ3 T3 p g
blT—. -n* •
•H fcO cr*
• ^ < ^ G) CO
i-4 e >
Pn cS «P  d
T3 O P  o
o  ^ 2  ^
pq -----
•
W
p
©
o
cm
• Cm
CD oP
P CDP fc3•H 3oo
B p
CD d
P h
X ©<D P
s
>-> p
bD •H
P T2
0)
S ©
CD a
00 ©
•H
ZL bO
j> > P
©
S
od ©
s
so©
bo T3
«3 ©m
02
■H $
= p
X S
©
© ©
p p
CD o
X ©Q
t-4 CM
■*

A^B
LE
 
20
b
•H
br
rH
ao
o
u
S3
•H
c0
P.
&
u0)
3
Ia>
fcpM rH rH
•H lO 1*0
j* o O op • • •o o o oe*»
Qfl
•H 10 CO CO'w CJ CM CMc o © O
33 • • •-3 o o o
cn
to
a rH © o
•H CM rH CM
>> o O o
- p • • •
•rH o o o
m
t - lO
- a rH rH rH
«D o O o
SQ • • •o o o
r
<D
ao
5 c CJ
0)
c l 73 a
a> 0 o
a bO !S>»o
o
*>:
rH
bD rH p
a ”C oS3 'C 'VO ■H rH
r*
-
#*- H
_______ W
TA
BL
E 
20
c
o
u
3
P
•H
uo
a
c0** 
o
bp
---------------
CO 00 CM
•H »0 00 CO| Vrj 10 OS os
1m • • •
o pH rH rH
bQ
0 o Tt* CO
•H CM t -
T3 • CO o o
C • • •
o3 o rH rH
p
CO
IP lO CO os
•H CM lOP t - t-
P • • •
•H o o oCO
CO 00TT CO CO CO
CD 10 lO LOP3 • • •o o o
a
ss
o>
a TJ0 <0
3
o
r*><D rH
bO rH uCJ 'C CD3 TT 'O
o •H rH
rH MS*■5 C'l
Standards moyens du facteur Cal./m* on fonclion de l’&ge et du sexe 
selon A . Fleiach.
Fig .  42.
metabolic r a t e .  As can be seen from Fig;.42 these standards reveal a 
de f in i te  a ge - re la ted  decline in b .N .R . ,  so that, despite v i r t u a l l y  
identic  1 surface p.reas of  the  two groups the mean energy expenditure  
o f  the young women in "bed” i s  higher than that o f  the e ld e r ly  sub jects .  
The values fo r  "s itt ing-"  in tab le  20a, b and c are the re su l t s  o f  
measurements o f  energy expenditure, and i t  can be seen that the mean 
gross  values fo r  the three groups o f  subjects are id en t ic a l .  Vhen these 
re su l t s  are expressed on a basis  o f  hodyweight, however, there i s  an 
apparent small decrease in the metabolic rate of  the older subjects  
when s i t t in g ,  but when expressed on a basis  o f  surface area there i s  
a small increase in the case of the e lde r ly  women. The values fo r  the 
metabolic rate  while standing show an increase with age which i s  apparent 
on no matter what basis  the energy expenditure i s  expressed. The 
f igu res  fo r  the energy expenditure o f  the young women when "working" are  
not s t r i c t l y  comparable with those fo r  the older groups as "working" fo r  
the young women means the ir  work in the departmental store ,  and fo r  the 
two older groups "working" r e fe r s  to housework. For these two groups 
of wonen we f ind  a decrease in energy expenditure with age i f  the former 
i s  expressed in gross terms, or on a basis  of surface area, and no 
d if ference  i f  the expenditure i s  expressed on a bas is  o f  body weight.
In summary, the f igu res  presented in tab le  20a, b and c suggest the 
fol lowin^ changes in metabolic rate with increasing age:
1. Decrease when " in  bed".
2. No change when s i t t in g .
3. Increase when standing.
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The changes aupear to he o f  phys io log ica l  o r ig in ;  we can a lso  l i s t  a 
fourth change which is  more probably due to the nature of  the exercise
involved i . e .
4. Increase in the metabolic rate when working, as between the young 
and middle aged subjects ,  and decrease as between the raiddle-age and 
e ld e r ly  women. The d if fe rence  between the "working" metabolic rate of  
the young and middle-aged women i s  la rge r  than that of the middl3-aged 
and e lde r ly  sub jects ;  thus the metabolic rate of  the e lde r ly  women when 
working i s  higher than that of  the young women.
The decline in basal metabolic rate i s  a wel l  documented phenomenon 
( F l e i s c h 's  standards for  B.Iii.R. are, in fac t ,  averages derived from the 
large amount of  work published by various authors ranging from Aub &
Du Bois (1917) to Husby (1948), and two poss ib le  explanations fo r  th is  can 
be suggested. F i r s t ly  there may be a true reduction in the metabolic
rate o f  indiv idua l  c e l l s  and t issues  due to a "running down" of  the
physico-chemical processes involved. For example Shock, Yatkin &
Yiengst (1954) have shown that renal function decreases with advancing 
age regard less  o f  whether the former is  expressed in gross terns or per 
unit tota l  body water. On the other hand, these same authors found
that when basal oxygen consumption per unit  to ta l  body water was p lotted
against  age (from 19-91 years )  no decline in oxygen consumption was revealed.  
T1 i s  f ind ing  i s  implied in the second p o s s i b i l i t y ,  namely that the 
nietabo^c race of the indiv idual  c e l l s  and o f  a given weight of any 
pa r t icu la r  functional t issue  may remain constant while changes in body
composition occur in such a manner that the ra t io  of  act ive  to inactive  
t i s sue  decreases without concomi i t t an t  a l te ra t ion  in body weight. That 
i s ,  the amount o f  r e la t i v e ly  inactive  t issues  such as f a t  and f ibrous  
material  may increase at  the expense o f  muscle and other t is sues  of  
higher metabolic rate .  is most of  the ex ist ing  studies on B.M.R. have 
been made without reference to body composition, except in the broadest  
sense of  height, weight and surface area, we are not in a posit ion  to 
choose between these a lte rnat ive  explanations.
The absence of an age re la ted  change in the metabolic rate  of  the 
subjects when s i t t in g  can also  be interpreted in two d i f f e r e n t  ways.
I t  could be regarded simply as "no change", s i t t in g  being merely a 
t rans it iona l  stage between the basal state and standing, where the 
metabolic rate of  the former i s  lower and of  the l a t t e r  i s  higher in 
old age. A lte rnat ive ly  we can accept the view, more popular in the 
past than at present, that the instantenous metabolic rate can be 
regarded as being composed o f  two f ract ions ,  v i z . ,  a basal component and 
are due to the addit ional  energetic cost of the pa r t icu la r  a c t i v i t y  being 
undertaken. This being so, and assuming the decrease in B.M.R. there i s  
an apparent increase in the metabolic rate of  the e lde r ly  subjects  
when s i t t in a .
One poss ib le  explanation of  the age-associated increase in the 
metabolic rate when standing might be that there i s  a decrease in the 
e f f ic iency  of the postural mechanism, poss ib ly  in the neuro-muscular 
systems involved. This suggestion would be in accord with that of
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Durnin ft V ic u l i c i c  (1956) who found that e lde r ly  men used more energy when 
walking than did young men, although they showed no d i f ference  in the 
performance o f  an arm exercise when seated. I t  i s  however not 
p ro f i t a b le  to speculate at  great  length on the underlying causes of the 
chano;es in metabolic rate which are reported here. While our measurements 
were made with every poss ib le  care i t  must be remembered that they were 
made under f i e l d  conditions, and that they could not be control led with 
the precis ion which must be demanded in the studies of  standardised  
metabolic rate per s e .
Whatever the causes o f  the changes in metabolic rate discussed above 
the magnitude o f  them i s  in su f f i c ie n t  to account fo r  the d i f fe rences  in 
the mean gross da i ly  energy expenditure of  the three groups o f  women.
In tab le  21 the a c t i v i t i e s  of  the subjects are presented under three  
headings, v i 7 . "in bed and s i t t i n g "  "standing and working" and " a l l  other  
a c t i v i t i e s " ,  and the mean amount o f  energy expended da i ly  by each group 
of subjects on these d i f f e ren t  classes o f  a c t i v i t y  i s  shown. Comparing 
the young with the e lde r ly  women we find that the former expended 156 
ca lo r ie s  per day le ss  in bed and s i t t in g  than did the older women, whereas 
they used 320 ca lo r ie s  per day more in standing and working and 65 
ca lo r ie s  per day more on a l l  other a c t i v i t i e s .  I t  w i l l  be reca l led  
from table  20,a, b and c that the metabolic rate o f  the e lde r ly  subjects  
in bed was less  than, and, when s i t t in g  was s im ilar  to, that of  the young 
women; and that the metabolic rate of  the older subjects was higher for  
standing and working than was that of the young women. The d i f fe rences  
in energy expenditure shown in tab le  21 obviously can only a r ise  from the
-  153 -
/
TA
BL
E 
21
a3"O
eSo
JSi
<D
-P
•H
eo>
p.
- 158 -
changes in the pattern o f  da i ly  a c t i v i t i e s ,  not fror the changes in 
metabolic ra te .  Indeed, the la t t e r  changes would produce exactly  the 
opposite e f f e c t  to that shown in table 2 1 , i f  the times spent at various 
a c t i v i t i e s  were similar throughout the d i f f e r e n t  groups o f  subjects.
The f igu res  nresentec1 in tables R.18 and R.19 show in a conclusive manner 
that the age - re la ted  decrease in energy expenditure, as demonstrated by 
the women described in tf i s  thes is ,  is  due to a change in a c t i v i t y  rather 
than to one in metabolic ra te .  That i s ,  the e ld e r ly  subjects spent 
more time at re s t  ( i . e .  in bed and s i t t in g )  and l e s 3  time at tiie more 
energet ic  a c t i v i t i e s  than did ulie young women.
T esults
The mean dai 1 y leve ls  o f  energy intake of  the th ir ty  four woL.cn whose 
food intakes were studied were used to ca lcu late  regression equations  
col parable with those shown in tab le  19 fo r  energy expenditure. These 
three equations and their  respective  corre lat ion  coe f f ic ien ts  are shown 
in tab le  22, The product moment corre lat ion  coe f f ic ien ts  ore s l i g h t ly  
higher when we r e la t e  energy intake to age than when we use energy 
expenditure: in the for: or case the coe f f ic ien ts  a tta in  s t a t i s t i c a l
s ign i f icance  at the 1/5 leve l  whereas in the l a t t e r  case they are  
s i g n i f i c a n t  at  the 5/5 l e v e l .  (The fac t  that in the former case there  
are 34 subjects as compared with 32 in the l a t t e r  pa r t ly  accounts fo r  
the higher leve l  o f  s t a t i s t i c a l  s i g n i f i c a n c e ) .  Hie f in a l  column of  
tab le  22 s ows theage-re lated  decrement in ca lo r ie  intake implied by 
the regression equations. These decrements are calculated as a percentage 
of the energy intake at the age o f  20 years and apply to each decade 
over the age of  20: the decret ents range froir. 3.2/5 to 5.4fo per decade,
depending on the standard of expression of  energy intake. The scatter  
diagrams in F igs .  43a, b and c show the 34 indiv idual  mean da i ly  intakes 
of energy re la ted  to age; the intakes are expressed as ( a )  gross (kca l/day ) ,  
( ) per unit  body weight (kcal/kg/day) and ( c )  per unit surface area  
(kcal/sq .m/day ) •
I t senss i on
In F i g .44 three pa irs  of  regress ion  l ines  are drawn. These are the 
l ines  of the ca lcu lated regression equations of  energy expenditure and
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intake. The age -re la ted  decrements in c a lo r ie  requirements shown in 
tab les  19 and 22 are co l lected  together in tab le  .23. I t  can be seen 
from F ig .44 and table  23 that the decrement in energy expenditure i s  
l e s s  than that in energy intake. This i s  not unexpected, as i t  w i l l  be 
remembered ( s e e  Table 18) that the energy expenditure of  the e ld e r ly  
women exceeded the energy intake by 168 k ca l .  per day and that th is  
f i gu re  i s  s i g n i f i c a n t ly  d i f f e ren t  from zero, whereas the corresponding 
f igu res  fo r  the two younger groups o f  wot?ien did not d i f f e r  s i g n i f i c a n t ly
from zero. I t  can a lso  be seen from tab le  23 that the ca lo r ie  decrements
r . r e  l a rge r  when energy requirements are re la ted  to body weight than to 
surface area .  The explanation fo r  this  is  that although the e lde r ly  women 
were heavier than the ir  young counterparts (by  approximately 4 kg )  they 
were not so t a l l  and th is  resu lted  in the mean surface area o f  the 
e lde r ly  women being less  than that o f  the young subjects ( l . 5 8  sq.m as 
compared with 1.61 sq.m).
The experiments described in th is  thesis  obviously support the view 
that a decrement in ca lo r ie  requirements of  3*fi> per decade is  more suited
to the women in th is  country than i s  one of  7bfv per decade. The experiments
do not enable a decision to be made as to whether the 3fo decrement shown 
in energy expenditure i s  more correct than the 4fc shown in energy intake,  
although fo r  most p rac t ica l  purposes th is  d i f fe rence  would b@ unimportant.
The low values o f  the corre lat ion  coe f f ic ien ts  suggest that prediction of  
indiv idua l  requirements from age alone would be hazardous in the extreme, 
none-the- less  the s t a t i s t i c a l  s ign i f icance  o f  these coe f f ic ien ts  would appear 
to ju s t i fy  predict ion o f  mean ca lo r ie  requirements of  various age groups of  
the population.
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SUMMARY
1. The development of  ind irect  calorimetry and its app l icat ion  to human 
beings i s  described.
2. An account i s  given o f  the functioning propert ies  and use o f  the 
ex is t ing  and espec ia l ly  constructed equipment used in the thes is ,  
the major item of  th is  equipment being the kax-Tlanck respirometer.
TI i s  meter and the associated methods o f  gas ana lys is  provide the 
basis  o f  one modern technique fo r  the determination in the f i e l d  on 
the energy expenditure by human beings.  The ca l ib ra t ion  and 
maintenance of  the respirometer are described, and a modified 
sampling pump for  the respirometer has been devised and tested .
The res istance to a i r  flow of  the various pieces of  resp ira to ry  
equipment used has been measured. The res istance o f  th is  equipment 
i s  within the stated l im its  of  tolerance by human beings. Attempts 
were made to obtain or make masks which could be used instead of a 
mouthpiece in work of th is  nature: these attempts were at le a s t
p a r t i a l l y  success fu l .  Chemical and physical technique fo r  the 
analys is  o f  expired a i r  are a lso  discussed, and the methods of  
estimating to ta l  d a i ly  energy expenditure and food intake are  
described.
3. The s c i e n t i f i c  l i t e r a tu r e  on the energy requirements o f  women i s  
reviewed.
4. The tota l  expenditure of  energy and intake o f  food o f  three groups 
of women was studied over periods o f  one week. The three groups of  
subjects were composed o f :
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i .  12 young women, mean age 20 years,
i i ,  12 middle-aged women, mean age 51 years,
i i i .  10 e lde r ly  women, mean ao-e 65 years .
The mean da i ly  energy expenditure o f  the groups was:
i .  2254 kcal by the young women,
i i .  2002 kcal by the middle-aged women,
i i i .  2027 kcal by the e ld e r ly  women.
The mean da i ly  energy intake o f  the groups was 2218, 2104 and 1853 
kcal respect ive ly .  Approximately 1 2 of  the mean da i ly  energy 
intake arose from the metabolism o f  prote in .  The intakes of  
protein ,  minerals and vitamins by the subjects appeared to be 
adequate•
For the purposes of an assessment o f  the accuracy o f  the experimental
techniques employed in the thesis  the d i f fe rence  between the mean
da i ly  energy expenditure and intake within each group of subjects  
i s  compared s t a t i s t i c a l l y .
T i s  d i f fe rence  i s  not s t a t i s t i c a l l y  s ign i f ic an t  in the cases of  
the two younger groups, but i t  i s  s ign i f ic an t  in the case o f  the 
e ld e r ly  women. I t  i s  concluded that the accuracy of  the technique 
appears to be reasonably sa t is fac to ry ,  although in the case o f  the 
e ld e r ly  subjects i t  would appear that the accuracy is  capable of  
improvement.
The existance of a decrement in the mean da i ly  energy expenditure  
with advancing age i s  invest igated .  This decrement appears to be 
in the order of  3J& per decade a f t e r  the age of 20 years .
10. .1 s imilar  decrement in the energy intake of  the women i s
demonstrated.
11. I t  i s  suggested that the cause o f  the decrement in energy, 
requirement l i e s  in an a l te ra t ion  o f  the pattern o f  physical a c t i v i t y  
( i . e .  more time is  spent in the less  strenuous fo r rs  o f  a c t i v i t y )  
rather than in an a l te ra t ion  of  metabolic rate per se.
- 1G5 -
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APPENDIX A
Record sheet used with the 
Max-Planck Respirometer.
Sample No
NAME
Date
Age Height  
Tine •
Place
17 eight  
A ir  Temp..,
ACTIVITY Observer
Bar. Tress.
AIR METER
 ......................  Temp. Expired A ir  . . . . . . . . .
Final Reading (2 )
Difference
I n i t i a l  Reading ( l )  ( 2 - l )  ,
Atmos.Corr, Factor
Respirometer No. . . . . . . . . . .
Duration of  Sample
Corr. Factor
Pulmonary Vent i la t ion  (BTPS)
(3 )  (STT)
True Oxygen (4 )  . .  
Calor ie  Value exp. a i r .  
(20.93 - ____________ )
( . 20 )
20
(5 )
( GAS ANALYSIS (Analyst  
CO,
(
2
0.
Oxygen Consumption ( 3 x 4 )
100
Calor ies  per min. (3 x 5)
F o t e s  on t' e solutions u s e d  fo r  the absorbtion  
r f  oxygen in Haldane’ s apparatus.
1 't endix j
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An.SKDIX 13
Notes on the solutions used fo r  the absorbtion of  oxygen use in Haldane's  
apparatus•
1 • A lka l ine  solution o r p y ro ga l lo l :  10fo (w t/ v o l . )  p; r o g a l l i c  acid  
disso lved  in the solution of potassiui. hydroxide o f  s p ec i f i c  g rav i ty  
1.55 (450 <* potassium dissolved in 250 ml. d i s t i l l e d  wa te r ) .  This i s  
the " c l a s s i c a l "  oxygen absorbent fo r  use in Haldane apparatus (Haldane 
& Graham, 1935, Douglas & P r ie s t l e y  1948). The absorbtion of  oxygen by 
th is  so lution i s  slow, but "pyro" can absorb a la rge  volume o f  oxygen and 
frequent rc lacement of the solution i s  avoided. The behaviour o f  any 
one "hatch" of  so lut ion is  unpredictable, even when each batch i s  made 
up under apparently identica l  conditions: some batches absorb oxygen
. .ore quickly  and l a s t  longer than do others.
2. Chromous ch lor ide :  (Dahlstrom & Nahland, 1949): prepare the fo l low ing
so lu t io n s •
a.  3 I hydrochloric acid .  (300 i r l .hydrochloric acid ,  S .P .
(3 6 f )  made up to 1 l i t r e  with d i s t i l l e d  water ) .
1 , 0.013 mercuric ch loride.  (2.08 g nercuric chloride disso lved
in 1 l i t r e  d i s t i l l e d  w ate r ) .
c. 2 l\ acet ic  acid (120 ml. g l a c i a l  acet ic  acid made up to 1 l i t r e ,  
wi th dis t i 11ed water ) .
d. Dissolve 250 g chronic chloride without heating; in 2 11 acet ic
acid, and make up to 500 ml.
150 g granulated zinc ere immersed in 50 ml. 311 hydrochloric
acid  for  30 seconds in a 1 l i t r e  J r lem eyer  f l a sk .  The acid i s  drained  
o f f  and 50 r 1. o f  0.013 I nercuric chloride so lution i s  added to the 
zinc.  The mixture is  s t i r red  rap id ly  for  three minutes, the l iqu id  
drained o f f  and the amalgam washed three times with d i s t i l l e d  water.
Next, add 100 nil. o f  2L chromic chloride solution to the amalgam in the
f l a s k .  '■Seal the f l a sk  with a rubber stopper and ag ita te  fo r  about
f i v e  minutes. Three or four tines during th is  period i t  i s  advisab le  
to cautiously remove the stopper from the f l a sk  to re lease  the pressure.  
A fte r  iixing the r e s u l t i n g  l iqu id  should be decanted and stored  
anaerob ica l ly .  This i s  a very e f f e c t iv e  absorbent of oxygen; i t  i s  
rapid  and can absorb about twenty times i t s  own volume of  oxygen. I t  
keeps we l l  under anaerobic conditions. Apart from the volume o f  oxygen 
which i t  can absorb ( in  th is  respect "pyro" i s  super ior )  chromous 
chlor ide  has been found to be the most s a t i s fa c to ry  of the various  
absorbents t r ied .
3, 1 . 2 - 4  tr iacetoxy benzene: d isso lve  10 g 1-2-4 tr iacetoxy benzene
in 100 ml. T F l ^ ^ w t T v o T T y ^ o lu t i o n  of potassium hydroxide. (Gairdner,  
1956). This solution absorbs oxygen rrore rap id ly  than does "pyro",
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but not as rap id ly  as chromous chloride nor does i t  absorb as uuch oxygen 
as the l a t t e r .  The keeping propert ies  o f  the a lka l ine  solution of  
1-2-4 tr iacetoxy benzene are not very good, even when stored under 
anaerobic conditions.
4. Sodium hydrosu lphite : 8 g sodium hydrosulphite (o r  d i th io n i te )
are mixed with 1.5 g anthraquinone-beta-sulphonate and approximately
0.5 g f e r r i c  ch lor ide .  These dry ingredients are placed in a screw-  
topped j a r ,  and 50 ml. of  hot (50° C) 14/& (w t/vo l . )  solution of  potassium 
hydroxide i s  added. Solution takes place in three or four minutes; 
this  must take place anaerob ica l ly .  (Consolazio, Johnson and Larek,  
1951). T! i s  solution i s  good from the point o f  view of speed o f  oxygen 
absorption, but i s  not ab le  to absorb a large  volume of oxygen.
Letters  used when contacting su b jec ts .
-  181 -
APPENDIX C
1. A copy o f  the notice s' own the young women working in Messrs.  
Pettigrew A: Stephens, Ltd.
"Proposed Invest igat ion  into the Energy Expenditure and Food 
Consumption by Housewives and 3hop Ass is tants .
In 1951 the Medical Research Council set up a comaittee "to advise  
and a s s i s t  in the promotion of  research on energy requirements in 
d i f f e r e n t  forms of work and on d iet  in re la t ion  to these requirements".  
This committee considered a l l  previous invest igat ions  o f  a s im ilar  
nature and came to the conclusion that our knowledge of  the energy 
expenditure involved in the various occupations of  Br ita in  i s  very l imited  
indeed.
Probably the la rges t  and certa in ly  one of the most important groups 
in the community are housewives. Su rp r is ing ly  enough very l i t t l e  i s  
known about the energy expenditure of  housewives in this  country. One 
or two small surveys have been done in Germany and in America but, fo r  
various reasons, the ir  resu lts  may not be app l icab le  to B r i t ish  women.
Tlie present invest igat ion  i s  being carr ied  out by a siaall group of 
doctors and sc ien t is ts  o f  the Medical School of Glasgow Un ivers ity .
The object i s  to f ind  the energy expenditure and dietary  habits  o f  
i id d le—aged housewives ^over 50 years of age )  and of  the ir  daughters.
We have chosen shop-assistants  as one of  the groins (the "daughters" )  
since th is  is  one o f  the occupations employing large  numbers of young 
g i r l s  in th is  country.
The study w i l l  in no way in te r fe re  with normal work and recreation  
and volunteers should f ind  the whole thing an in terest ing  experience.
Each subject would bo required fo r  one week, and a l l  information w i l l  
be treated as very s t r i c t l y  con f ident ia l .
Mr. Hugh Fraser and the management of  th is  shop have very kindly  
of fe red  the ir  f u l l  co-operation. I f  you are good enough to think of  
volunteering,  and i f  you consider that your mother might a lso a s s i s t  
in th is  important research, I sha l l  be very pleased to explain in deta i l  
what would be necessary before you d e f in i t e ly  decide whether or not to 
be a subject.
J .V .G .A .  Durnin, M .A . , M.B.Ch.B.,
Lecturer in Physiology,
Glasgow Univers ity .
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2. Copy o f  the l e t t e r  sent to the general p ract ic ioners  whose pat ients  
included the e lde r ly  women selected at random from the e lec to ra l  
r o l l  o f  Pa is ley .
’’Dear Dr.
For so.ie years the Physiology Department of  the Un ivers ity  has been 
doinpr research on the problem of energy requirements o f  human beings.  
Recently, we have becone interested  in the problems of the energy needs 
of  the e lde r ly .  Very l i t t l e  i s  known of th is  subject in Br ita in  at  
present, or indeed of  the ir  food intake. Your patient was one of  a 
group selected at random in Pa is ley .  TYe are very anxious to measure 
the food intake and the energy expenditure o f  th is  group. We have not 
approached her with a view to obtaining her co-operation as we f e l t  that  
th is  would more appropriate ly  be done by you as her medical adv ise r .
'Ye should be very g ra te fu l  i f  you could undertake this for  us and give  
her the enclosed l e a f l e t  which we hope describes the sort  o f  invest igat ion  
we have in mind. I f  your patient i s  w i l l i n g  to undertake th is  we 
sh a l l ,  of course, go and see her beforehand and explain in f u l l  d e ta i l  
prec ise ly  what she has to do.
In our experience, the subject f inds such studies in te res t ing ,  
without being too inconvenient. A d ie t ic ian  w i l l  help her in the 
recording o f  her food intake and I ,  or one o f  the other phys io log is ts ,  
w i l l  a lso v i s i t  her frequently in order to make an estimate of  her  
energy expenditure.
Should you wish to know the precise  procedures that we adopt, I 
would be happy to explain on the telephone. I f  I do not hear from you,
I sha l l  telephone you in a few days1 time to learn whether you think 
your patient w i l l  help. I need not t e l l  you how g ra te fu l  we should be 
fo r  your ass istance .
Yours s incere ly ,
Dr. J .V .G .A ,  Durnin.
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3. Copy of  the note given the e lde r ly  women by the ir  loca l  general
p ract ic ioners .
MI ) e a r ............ , ..........................
I am carrying out some medical research into the food needs of  
women of  your age. This i s  a very important subject about which we 
know l i t t l e  at  present. Your name has been "drawn out of a hat"  and 
I hope you w i l l  be able  to help me in th is  study. We need to know 
how much food you eat and how much e n e r g y  you use up in your everyday 
l i f e .  The study w i l l  l a s t  fo r  the whole of  one week.
Not only w i l l  the resu l t s  be, we hope, o f  g reat  s c i e n t i f i c  and 
medical in te re s t ,  but they w i l l  throw a l i g h t  on the posit ion of  the 
older age groups in th is  country. I need not t e l l  you how important 
a subject th is  i s .  I think you would a lso  f ind th is  a very in te res t ing  
experience.
I f  you think you may be w i l l i n g  to help us, I shal l  be very pleased  
to c a l l  on you, before you f i n a l l y  decide, and explain exactly what you 
need to do. I  am in touch with your doctor who w i l l  l e t  me know how 
you fee l  about i t .
Yours s incere ly ,
Dr. J .V .G .A .  Durnin
